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INTEGRATED DETECTION, ESTIMATION AND COMMUNICATION THEORIES

The objectives of this program were to investigate the synergies among the decision,
estimation and communication aspects of a distributed multisensor system. The effort in this
project was hence concentrated primarily on the development of a coherent framework for
data fusion and the development of a coherent theory of distributed decision capable of
incorporating estimation and communication aspects.

A fair amount of effort was focused on the development of a distributed decision fusion
theory. In this context a Neyman-Pearson type theory was developed for the distributed
decison fusion problem. The theory has been developed for the binary hypothesis testing
problem with both binary and M-ary quantized decisions at the local (sensor) level. The
thoery has established that, under statistical independence, the optimal fusion configuration
consists of binary (or M-ary) level likelihood quantizers at the sensor level, and a binary
Neyman-Pearson test at the fusion. Variants of this optimal Neyman-Pearson solution have
been investigated and the optimal (in the Bayesian or N-P sense) solutions were obtained in
the presence of propagation delays in the transmission of the decisions from the sensor to
fusion, presence of error in the fused data, and in the presence of sensor misalignment and
communication constraints in the provision of information.

Other issues involved in the design of a distributed decision fusion system, such as
intersensor correlation and multiresolution detection have been investigated.

A large number of publications have been emerged from this project and have appeared in
scattered journals or conference proceedings. A sample of a few publiactions is attached.

The success of this program has led to the teaming of the P.I. with Calspan and Crumman
Cooperations and the submission of a proposal for Pre Detection Fusion to Rome ADC. The
success of the Pre Detection Fusion program. The contract was awarded to our team. The
project has ended successfully. The acquired experience from this project, the first contolled
environment data fusion project, has been invaluabie.

The basis of distributed decision theory has been expanded to more genral fusion concepts.
As a result, a Generalized Evidence Processing (GEP) theory was developed. The developed
theory attempts to reconciliate the Bayesian with the Dempster-Shafer theory. Numerical
comparisons between the GEP and conventional distributed fusion algorithms, highlight the
superior performance of GEP as compared to the conventional distibuted decision theory.

A list of publications that resulted from this project, a list of recent publications that relate to
this project directly, and a sample of the main publications that emerged from the project
follow.




List of publications from this project
A. Refereed Journals and Proceedings
S. C. A. Thomopoulos, R. szwanuhan and D K. Bougouhas "Opuma] Decxsxon Fusion in

Multiple Sensor Systems," [EEE T Vol. 23,
No. §, Sept. 1987, pp. 644-653.

R. Viswanathan, S. C. A. ’l‘homopoulos, and R Tumuluri, "Opnnml Serial Distributed
Decision Fusion," IEE Al ' A 3 lems, Vol. 24, No. 4,
July 1988, pp. 366-376.

S.C. A Thomopoulos. R. Viswanathan, and D. K. Bougoulias, "Optimal Distributed Decision

Fusion," [EEE Transactions on Aerospace and Electronic Systems, Vol. 25, No. §, Sept. 1989,
pp. 761-764.

S. C. A. Thomopoulos, "Sensor Integration and Data Fusion," Invited paper in special issue
on Sensor Integration and Data Fusion for Robotic Systems, Journal of Robotic Systems, Vol
7, No. 3, 1990, pp. 337-372.

S. C. A. Thomopoulos and N. Okello, "Distributed Detection with Consulting Sensors and

Communication Cost," IEEE Transactions on Automatic Control, Vol. 37, no. 9, September
1992, pp. 1398-1405.

S. C. A. Thomopoulos and L. Zhang, "Distributed Decision Fusion with Networking Delays

and Channel Errors,” Information Sciences: An International Journal, Vol. 66, nos. 1 & 2,
December 1, 1992, pp. 91-118.

S. C. A. Thomopoulos and N. N. Okello, "Distributed and Centralized Multi-Sensor Detection
with Misaligned Sensors," Information Sciences: An International Journal, to appear.

I. N. M. Papadakis and S. C. A. Thomopoulos, "Hypothesis Testing using Structured
Networks,” [EEE Transactions on Automatic Control, to appear.

S. C. A. Thomopoulos, D. K. Bougoulias and C.-D. Wann, "Dignet: An Unsupervised
Clustering Algorithm for Centralized and Distributed Pattern Recognition, Classification, and

Hypothesis Testing," IEEE T ion: Aerospace E ic Svs to appear.
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S. C. A. Thomopoulos, R. Viswanathan, and D. P. Bougoulias, "Optimal Decision Fusion in
Multiple Sensor Systems,” 24th Allerton Conference, Allerton Honse, Monticello, IL, Oct. 1-
3, 1986.

R. Viswanathan, S. C. A. Thomopoulos, and V. Aalo, "Distributed Detection with Correlated
Sersor Noise, 25th Allerton Conference, Allerton House, Monticelli, IL, Sept. 30-Oct. 2,
1987.

V. Aalo, R. Viswanathan, and S. C. A. Thomopoulos, "A Study of Distributed Detection

with Correlated Sensor Noise,” Proceedings of IEEE GLOBECOM '87, Tokyo, Japan, Nov.
15-18, 1987.

S. C. A. Thomopoulos, "Optimal and Suboptimal Decision Fusion, i
Society for Industrial and Applied Mathematics, Denver, Colorado, Oct. 12-15, 1987.

S. C. A. Thomopoulos, L. Zhang, and R. Viswanathan, "Distributed Detection and

Networking," Symposium on Innovative Science and Technology, SPIE '88, Los Angeles,
CA, January 10-15, 1987.

R. Viswanathan, S. C. A. Thomopoulos, and R. Tumuluri, "Sequential Decision in Multiple
Sensor Fusion," Proceedings of 21st CISS, The Johns Hopkins University, March 25-27,
1987.

S. C. A. Thomopoulos, and N. Okello, "Distributed Detection with Consulting Sensors and
Communication Cost," SPIE’s 1988 Techni i n Optics, El tics and
Sensors, Orlando, FL, April 4-8, 1988.

S. C. A. Thomopoulos, and L. Zhang, "Distributed Decision Fusion with Networking Delays
and Channel Errors,” SPIE Proceedings, Vol. 931, Sensor Fusion, (1988), pp. 154-160.

S. C. A. Thomopoulos and L. Zhang, "Distributed Filtering with Random Sampling and
Delay,” SPIE Proceedings, Vol. 931, Sensor Fusion, (1988), pp. 31-40.

S. C. A. Thomopoulos, D. K. Bougoulias, and L. Zhang, "Optimal and Suboptimal Distributed

Decision Fusion, SPIE Proceedings, Vol. 931, Sensor Fusion, (1988), pp. 26-30.

S. C. A. Thomopoulos, R. szwanathnn and D. K. Bougouhas "Opnmal and Subopnmal
Distributed Decision Fusion,” 22nd Anpual my ]
Princeton University, March 16-18 1988

S. C. A. Thomopoulos and N. Okello, "D1stnbuted Dewcnon with Consulung Sensors and
Communication Cost," 22nd Annual : A
Princeton University, March 16-18, 1988
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S. C. A. Thomopoulos and L. Zhang, "Networking in Distributed Decision Fusion,” American
Congol Conference ACC *88, Adanta, GA, June 15-17, 1988.

S. C. A. Thomopoulos and N. Okello, "Decision Fusion with Consulting Sensors,” American
Control Conference ACC '88, Adanta, GA, June 15-17, 1988.

S. C. A. Thomopoulos and N. Okello, "Distributed Detection with Mismatched Sensors,"

9 Ti i n_Advances in Intelligent Robot Boston MA,
October 1988.

S. C. A. Thomopoulos and L. Zhang, "Distributed Filtering with Random Sampling and
Delay,” Conference on Decision and Control, CDC '88, Austin, Texas, December 7-10, 1988.

S. C. A. Thomopoulos, "Sensor Integration and Data Fusion,” SPIE Proceedings on Advances

in Intelligent Robotics Systems, Sensor Fusion II: Human and Machine Strategics, Vol. 1198,
pp. 178-191.

S.C. A Thomopoulos and L. lesson, "Object Traclnng for Sequcnces of Images Using
Sterea Camera,” Advances in Intelligent R

MMMMVOI 1198, pp. 156-169.

S. C. A. Thomopoulos, “Theories in Distributed Decision Fusion: Comparison and
Generalization,” SPIE Proceedings, Vol. 1383, Sensor Fusion III, Nov. 1990.

S. C. A. Thomopoulos and D. K. Bougoulias, "DIGNET: A Self-Organizing Neural Network
for Automatic Pattern Recognition and Classification,” Proceeding of CISS, Johns Hopkins,
March 1991.

S. C. A. Thomopoulos and D. K. Bougoulias, "DIGNET: A Self-Organizing Neural Network
for Automatic Pattern Recognition and Classification,” SPIE’s OE/Aerospace Sensing,
Orlando, FL, 1-5 April, 1991.




Books or parts of books

S.C.A ‘momopoulos. "Decxsxon and Evidence Fusion in Sensor Integration,”
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RECENT PUBLICATIONS THAT RELATE TO THE INTEGRATED DETECTION,
ESTIMATION AND COMMUNIATION THEORIES
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Optimal Decision Fusion in
Multiple Sensor Systems

STELIOS C.A. THOMOPOULOS. Member. IEEE
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DIMITRIOS C. BOUGOULIAS. Student Member. IEEE
Southem lilinois University

The problem of optimal dats fusion in the sense of the Neyman-
Pearson (N-P) test in a centralized fusion center is considered. The
fusion center receives data from various distributed seasocs. Each
sensor implements a N-P test individuaily and independently of the
other sensors. Due to limitations in channel capacity. the sensors
transmit their decision instead of raw data. ln addition to their
decisions, the sensors may (raasmit one or more bits of quality
information. The optimal. in the N-P semse, decision scheme at the
fusion center is derived and it is scen that an improvement in the
performance of the system beyond that of the most refisble sensor is
feasible. even without quality information, for a system of three or
more sensors. If quality information bits are also avallable at the
fusion center, the performance of the distributed decigion scheme is
comparable to that of the centralized N-P test. Several exampies are
provided and an algorithm for adjusting the threshold level at the
fusion center is provided.
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I. INTRODUCTION

The problem of data fusion 1 a central decision
center has attracted the attention of several investigators
due to the increasing interest in the deployment of
multiple sensors for communication and surve:llance
purposes. Because of a limited transmission capacity. the
sensors are required to transmit their decision (wath or
without quality information bits) instead of the raw data
the decisions are based upon. A centcalized fusion center
is responsible for combining the received information
from the various sensors into a final decision.

Tenney and Sandel! (1] have treated the Bayesian
detection problem with distnbuted sensors. However.
they did not consider the design of data fusion
algorithms. Sadjadi [2] has considered the probiem of
general hypothesis testing in a distributed environment
and has provided a solution in terms of a2 number of
coupled equations. The decentralized sequential detection
problem has been investigated in (3-5]. Chair and
Varshney (6] have considered the problem of data fusion
in a central center when the data that the fusion center
receives consist of the decisions made by each sensor
individually and independently from each other. They
derive the optimal fusion rule for the likelihood ratio
(LR) test. It tuns out that the sufficient statistics for the
LR test is a weighted average of the decisions of the
vafious sensors with weights that are functions of the
individual probabilities of false alarm P, and the
probabilities of detection P,. However, the maximum a-
posteriori (MAP) test or the LR test require either exact
knowledge of the a-priori probabilities of the tested
hypotheses or the assumption that all hypotheses are
equally likely. However, if the Neyman-Pearson (NP) test
is employed at each sensor, the same test must be used to
fuse the data at the fusion center, in order t0 maximize
the probability of detection for fixed probability of false
alarm.

We derive the optimal decision scheme when the N-P
test is used at the fusion center. The optimai decision
scheme, in the N-P sense, is derived: 1) for cases where
the various sensors transmit exclusively their decisions to
the fusion center, and 2) for cases where the vanous
sensors transmit quality bits along with their decisions
indicating the degree of their confidence in their decision.

II. DECISION FUSION WITH THE NEYMAN-
PEARSON TEST

Consider the problem of two hypotheses testing with
H, designatin 5 one hypothesis and H, the alternative.
Assume that the prior probabilities on the two hypotheses
are not known. A number of sensors N receive
observations and independently implement the N-P test.
Let u, designate the decision of the jth sensor having
taken into account ail the observations availabie to this
sensor at the time of the decision. [f the decision of the
Jjth sensor favors hypothesis H,. the sensor sets u. =
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+|. otherwise it sets 4, = — |. Every sensor transmuts
its decision to the fusion center, so that the fusion center
has all N decisions available for processing at the time of
the decision making. Let (P, , Pp ) designate the pair of
the probability of faise alarm and the probability of
detection at which the jth sensor operates and implements
the N-P test. The fusion center implements the N-P test
using all the decisions that the individual sensors have
communicated. 1.¢.. it formulates the LR test:

Plu, us. ... uyJH)) ; .

Mu) =
Pluj.uy. ... ugHy)

hH

where 4 = (u).u>. ..., uylisa l x N row vector with
entries the decisions of the individual sensors. and ¢ the
threshold to be determined by the desirable probability of
false alarm at the fusion center P%. 1e..

2 P(AwlHy = P i2)
\ui>ee
Since - . (isions of each sensor are independent

from each other. the LR test (1) gives

Y P(u|H) %
Aw = [ ——L 2
W= it o

from which the result in (6] is readily obtained. In order
10 implement the N-P test we need to compute
P(A(u)[H,). However. due to the independence
assumption. it is easier to obtain the distribution P(log
A(u){Ho) which can be expressed as the convolution of
the individual P(log \(«,)|Hy). Thus, it follows from (3):

3

Plog \(w)|Hy)
= Puog Mu|Hp)* -+~ * Ptlog Muy)Hy). 4
The LR \(«,) assumes two values. Either (1 — P,).

(1= Pg) when u, = 0 with probability | — P, under
hypothesis H, and probability | - P, under hypothesis
H,. or. Py Pr when u, = | with. probability P, under
hypothesis Hy and probability Pp under hypothesis M, .
Hence. we can write

P(log Au)|Hy) = (1~P£) 3 (log.\(u,)

1 l—Pp‘)
T 8T TP,

Pp
+ Pe 8| log.\(u,) - log F) (5)
F,
and

P(log A(w)|H) = (1~Pp) 8 (log.v\(u,)

‘ l - PD,
8T Pr,)
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Py
+Pyd (Iog.\lu v - log ;)
.y
where
{forx =0
3ex) [0 forx = Q.
At the fusion center, the probability vt talse alarm
Ph= 3 P(Aw|Hy) s
Ntws>em
where ¢* is a threshold chosen to satshh 17) for a given
2. Similarly. the probability of dete.tion at the tumon
center
Ph= 3 P(AWIH,. '8
Niyy >

A. Similar Sensors

When all the sensors are similar and operate at the
same level of probability of false alari and probubility of
detection. i.c.. Pr = P; = Ppand I, = Pp = Ppfor
every { and /, all the probability distnhutions in 13) are
the same and the N-P test leads to the lollowing scheme
at the fusion center. (Expression simiar 10 (9) and (10)
were obtained in (6] for the LR test.)

v H,
Eu,u,%l 19)
- Hy
where
P )
log(;’f)‘ fu = ~1.i=1 \
a, =
l-PF R .
l ’ f = -l.t =1, N
a(128) wnn
110y

If & out of the N decisions favor hypothesis H,. (91 can
be rewritten as

- H, t - P
k(log[i“—Pd]>zl+Nlog(l PF) i
=P,

PF (l "PD) HO
For all sensible tests, though. P, —~ Pp. Hence. log
PD (l —PF) A
—_——> - mes
Py (1-Pp) 0 and the N-P test beco

Hl
kZ * )
Ho

where 1* is some threshold to be determined so that 3
certain overall false alarm probability /% 1s attained at
the fusion center.

The random variable & has a binomual distnbution
with parameters N and Py under H, and parameters  und
Pp under H,. Hence, P% and the overall probabui:ty of
detection P/, are given ty

S




¥ Y
Py = 3,(’7)"'“"’"“' (13)
cmyif
A V
Py = Zl(“)Pbtl-Por‘"’ (14
e

where [r7] indicates the smallest integer exceeding *.
The threshold +* must be determined so that (12) gives an
accepiable overall probability of false alarm.

For the configuration of V sensors. we are interested
to know whether the N-P test can provide a (P, P)) pair
such that

Py S mun{P:} and P, > max{P,} (%

€Y €N
where 1 P, . Ps ) 15 the N-P test ievel for sensor ¢,

i=1 ...V

The next Theorem shows that condition (15) can be
satisfied 1f the randomized N-P test is used at the fusion
center, the number of sensors N is greater than two. and
all the sensors are characterized by the same (P, Pp)

pair.

Theorem. [n a configuration of N similar sensors,
all operating at the same (Pg, Pp) = (p. q). the
randomized N-P test ai the fusion center can provide a
(P%. Phy satisfving (15) if N = 3.

More precisels. for N 2 3, the randomized N-P iest
can be fixed so that

Pr=Pr=p and P, >P, =g¢q (16}

where Pr and Py are the probabilits of false alarm and
probabiiiry of detection at the individual sensors.

Proof. First we show that for vV = 2, condition (15)
cannot be satisfied with the second inequality as a strict
one. Then we prove that for N = 3, the randomized N-P
test satisfies condition (15). By using the fact that for
fixed probability of false alarm. the probability of
detection at the fusion center is maximized by the N-P
test among all mappings from the observation space into
the decision space. we prove by induction that condition
(15) is satisfied for all ¥ & 3.

Let vV = 2 and (P£.Pp) = (p. q) for both sensors.
Using (4). (5), (63, (9, and (10). the LR distributions at
the fusion center under hypothesis Hy and H, are plotted
for the reader’s convenience in Figs. 1 and 2.
respectively. Since for ail p in (0, 1)

pP<p<lpl-p)+p? an

it follows that. in order to satisfy P} = p. the
randomized N-P test must be us' d at the fusion center
with threshold qt1 — q)/p(1 — p) and randomizing factor
w defined by

P+ w2pl=-p)=p (18)

where 0 < w < 1. Solving (18) we obtain w = 0.5,
independent of p. Since P/, is determined by an
expression symmetric to (18) (see Figs. | and 2). P =
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Fig 1. Distnbution of LR at fusion center under hypothes:s H, tor
two simular seasor sysiem. V= 2

POACU) [My)
29(1-q)
*
3¢
E
(1-q)2 i
[
{
L. W1 qit-g) q:2
Tiep ! pil-p 8’

Fig. 2. Drstnbunon of LR at fusion center under hypothesis H, for
two simular sensor sysiem. V= 2.

q for @ = 0.5. Hence, neither condition ( 16) nor
condition (15) (which is more restrictive) can be saustied
for N = 2.

Let ¥ = 3. The distributions of the LR under H,, and
H, are given in Figs. 3 and 4, respectively. From Fig 3.

PLAGW) {Hg)
(1-p)3
[ ]
Pp1-pi2
[ ]
1921 1-p)
E ]
p]
?
|
2 2
,\13]3 q(1-q) LCL-g) 33
e pl1-p)? p2t1-p :

Fig. 3. Distnbution of LR a1 fusion center under hypothesis H. tor
three sumilar sensor system. .V = 3

PCACul[Hy)
N
2
p20t-q:
[ ]
Ri1-q)2 ’
[ ]
(1-q)3 i
2 2
=33 qi1q) WAL TA i
-p plt~p) pC1-p :

Fig. 4 Dustnbution of LR at fusion center under hypothesis H - ¢
three simular sensor system. V = 3




if the threshold at the fusion center is set at ¢°(1 ~ q)/
Pl —p).

Pr=p)+3pil-p)<p (19
for 0 < p < 0.5. The left-hand side (LHS) of inequality
(19) is greater than p for p > 0.5. Hence, since P, <

0.5, the randomized N-P test that satisfies (15) at the
fuston center is determined by

p’ = 3pil-p) + wiptt-p)¥ = p (20)
from which

l p

- : 21
i B T ’

Hence. w 1s a positive fraction for 0 < p < 0.5.

Since P}, at the fusion center is given by an
expression similar to 20) (see Fig. 4), with g in place of
p.and ¢ > 0.5, it follows from (20) that P}, > g, which
proves the Theorem for ¥ = 3.

Assume that the randomized N-P test satisfies
condition (16) for an arbitrary number of sensors N. We
show that it also satisfies the condition for N + 1, and
thus complete the induction and the proof of the
Theorem.

Let Uy = {u,. us. ..., uy} designate the set of
decisions from the N sensors that are available at the
fusion center. All the sensors operate at the same level
(p. q). Let fy(Uy) designate some decision rule at the
fusion center operating at fixed probability of false alarm
p. Let f¥P(U,) designate the randomized N-P test at the
fusion center at level p. For fixed probability of false
alarm, the probability of detection at the fusion center
{power of test} is maximized for the N-P decision rule
among all possible decision rules.

Let Uy, = {Uy, uy. } designate the decision
ensemble of V « | similar sensors all operating at the
same level (p. ). Then by choosing fy. (Uy.,) =
MU,

Po(f¥® (Uy. ) = max  PplfyeilUver))

Ne|
foorttyop)

2 Po(fYPUN) (22)
from which it follows that
PhL v 2PhHy>q. 23

Thus the induction is complete and so is the proof of
the Theorem.

Consider a sy .tem of four sensors N =4 all operating
at P = 0.05 ara P, = 0.95. If ;7 = 2. from the
binomial cumulative table we get P4 = 0.014 and P, =
0.9995 at the fusion center. i.c.. a considerable
improvement in the performance of the overall system.
From the binomial cumulative table it can be seen that at

" least three sensors are required for the decision fusion

scheme to improve the performance of the system, as the
Theorem suggests.

To assess the performance of the fusion scheme
further. we compare «t with the best centralized scheme.
the N-P test which utilizes raw data. not decisions. from
the different sensors. The loss associated with the use of
decisions instead of raw data at the fusion center. is
assessed by means of a simple exampie. Let a single
observation from each of the four (N = 4} sensors be
distnbutea normally (see Fig. 5) as

r,~ GO, ), under H,
~ G(S. D, under H, .

'llllo)v

Fig. §  Data distnbution at each sensor under hypotheses H, and H,,.

and confidence regions. Threshold is indicated by T The ntervals

(=% T,sand (T,. x) are designated ""contidence " regions lnterval
tT. Ty) 1s designated “"no confidence ™ region.

The N-P test utilizing all the r,s will have the form

Y
> >, (24)

=]
To achieve a false alarm P%. a threshold of
1, = VN Q ' (PY) 125)

1s needed at the fusion center. where Q( ) = | - d( 1,
with ®( ) the cumulative distribution function (cdf) of
the standard normai. and Q ™' is the inverse function of
Q. Moreover.

Py = Q ("’ \—/NNS> - (26)

To obtain a Pr = 0.05 and P, = 0.95 at each
sensor. a signal satisfying 1, = Q' (0.05) is requtred.
from which ¢, = 1.64,and 0.05 = | - Q(r, - 5) from
which § = 3.29.

Consider achieving a P% = 0.001 at the fusion center
with the four sensors. This requires a threshold 1, = 2
Q"' (0.001) = 6.18, from which P§ = 0.9998 (see (15}
and (26)).

This example shows that the best decentralized fusion
scheme achieves a (P4, Pp) = (0.014, 0.9995), whereas
the best centralized fusior. scheme achieves a (P}, P})
= (0.001. 0.9998) for the same sensors. Clearly the loss
in power associated with transmitting highly condensed
information from the sensors to the fusion center is
causing the degradation in the performance of the fusion
scheme. As a compromise, a multibit information could
be transmitted to the fusion center containing quality
information related to the degree of confidence that a
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sensor has about its Jecision along with the decision
uself. This situation 1s examined in Section 111

Table { gives the different N-P test thresholds that the
fusion center can operate so that condition (13) is
satisfied. The thresholds were found using the interactive
fusion algorithm (IFA} that we developed (see the
Appendix).

TABLE |
Decision Fusion h] Sensor System
Sensors PF Equal  « Unequat _
Sensors PD Egqual ¢ CUnequal __
Probability Probabihity
Threshold of Detecuon of False Alam

‘@ Fuwion Center 4t Fusion Center @ Fusion Center

PDMAX = 95000 PFMIN = SO000E-O!

™ PD PF
6859 0 977307 300000E-04
19.000 998842 115812E-02
52631E-01 999970 22892SE-01

| SENSOR OFF

PDMAX = 95000 PFMIN = SO0000E-O1

. PD PF
361.00 985981 481250E-03
1.0000 999519 {40187E-0t

PDMAX = 95000 PFMIN = S50000E-01

t* PO PF
19 000 992750 72S000E-02

B. Disimilar Sensors

Case I. All the sensors operate at the same
probability of false alarm level P, but different levels of
probability of detection from each other. i.e.. Py #* P,

i # i Without loss of generality we assume the
ranking Pp > Pp, > -+ > Pp_, from which the

following ordering in the abscissae of the conditional
distribution of the individual LRs results:

l‘PDI I-PD= l"ng

1 - PF 1 - PF 1 - PF

< -f& < e <
The conditional distribution of the compound [ R at

the fusion center is obtained by convolving the individual
distributions. using the IFA. Convolution of the
distributions P(log A(u,)|H,) corresponds to linear shifts
of their logarithmic abscissae, which is translated into
addition of logarithms. Hence, the distribution of the LR
P(AGw)|H,) at the fusion center can be obtained directly
by multiplication of the abscissae of the P(A(u),)|H,).
Hence the point of the distribution P(A(u)|H,) which is
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Py,

=Pyy - 11=Py )

, =-pPa"
and ordinate (1 = P, ) -~ (1 = Py ) under H, or
{1 = Pg)" under Hy. On the other hand. the point farthest
Po Pp - Py,

P}

ordinate Py -+ P, under H, or P under H,. In
between these two extreme points. the abscissae of the

closest to the ongin has abscissa

apart from the origin has abscissa and

P,
distnbution of the compound LR have the form [] ";")'
&5 'y
Po

L Ps_
...V} and § its complement with respect 1o this set The

corresponding ordinates are QS Py gls_ll - Pyt under H.
‘ 7

ot PF (1 - P¢) ¥ under Hy. where [ Q] designates the
cardinality of the set {2. Once the distnbution of the
compound LR is determined. the threshold at the fusion
center can be determined to satisfy a given probability of
false alarm P4 from which the probability of detection
P, is determined. At the fusion center we want o set-up
the threshold so that P} < P, while P{, > max {P,}

This is achieved by the [FA as the following example
illustrates.

Consider a five-sensor system. All the sensors operate
at the same level P, = 0.05. However, due to different
noise environments or quality of the sensors. they vield
different Pjs as Table II indicates.

where S is a subset of integers from {1, 2.

TABLE Il
Probability Of Detection At The individual Sensors Fur The Same
Probability Of Faise Alarm In A Five Sensor System

t 1 2 3 4 < '

Ps 0.98 094 093 092 ARt

Table [II summarizes all the choices of thresholds at
the fusion center that satisfy condition (15) as ziven by
the IFA. A significant improvement in the svstem
performance is achieved by fusing the individual
decisions.

Case 2. The different sensors operate at Jditferent
probabilities of false alarm and probabilities of Jdetection,
1e., Pr # Pp and Pp # Pp . i # j. The distnbution of
the cumulative LR of the fusion center is obtained
numerically as in case 2. and the threshold /* is found to
satisfy a given P%. Ideaily. the threshold 1 must be
chosen so that condition (15) is satisfied. However. his
may not always be feasible The following exampies
illustrate the procedure.

We consider three different systems with five. tour.
and three sensors. Each system results by eliminating the
sensor with the lowest P, from the system that has one
more sensor. For the five-sensor system. the (P, P. . of
the sensors are given in Tabie IV.

Table V summarizes the results as obtained bv [FA
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TABLE i1
Decision Fusion  § Sensor System
Sensors PF - Equal  x Unequal _
Sensors PD . Equal Unequal x
Probabulity Probabihity
Threshold of Detecion of Faise Alarm

@ Fusion Center @ Fusion Center @ Fusion Center

PDMAX = 95000 PFMIN = S0000E-O!

e PD PF
6163 2 957817 300000€ -0
$3 004 963797 142812€-03
45 830 968973 15562SE-03
40 339 973323 368437E-03
38 907 977913 481250E-03
34 208 981772 594062E-03
32.08t 985351 T06874E-03
29 610 988731 819687E-03
28.207 991913 932499E-03
23416 994668 .104831E-02
20 708 997003 115812E-02
20998 997454 330156E-02
17806 997838 S44500E-02
15413 998165 .758843E-02
14683 .998480 973187E-02
13552 998771 .118753E-01
12709 999043 140187E-01
1174 999282 161622E-01
10778 999513 .183056E-01
94760E-01 999717 . 204490€-01
-82023E-01 999892 225928E-01

TABLE IV

Probability Of False Alarm And Detection For A Five-Sensor System
With Disimular Sensors

! 1 2 3 rl ]
P 0.05 0.04 0.03 0.02 0.0
Py 0.95 0.94 6.93 0.92 0.91

In all cases, a significant improvement in the performance
of the system is achieved from fusing the decisions.

11, TRANSMISSION OF DECISIONS ALONG WITH
QUALITY INFORMATION

Consider the case where the jth sensor transmits
quality information bits to the fusion center about its
decision along with the decision itself. The sir iplest case
corresponds to the transmission of binary {0, 1} quality
information indicating the degree of confidence that the
sensor has on the decision that it transmits. Under the
scenario. a bit one indicates '‘confidence’, whereas a bit
zero indicates **no confidence’”. Fig. § illustrates how the

" binary quality bit ¢ is defined. A strip (T,. T,) about the
threshold T of an individual sensor is designated as region
of no confidence and the bit ¢ = 0 is transmitted along

TABLE v
Decision Fusion  § Sen.r System
Sensors PF Equal _ Unequal x
Sensors PD . Equai  _ Unequal x
Probabihity Probability
Threshold of Detection of False Alarm
‘@ Fusion Center @ Fusion Center @ Fusion Center
PDMAX = 95000 PFMIN = |000QE-0!
t* PD PF
§7882. 957817 269200E-05
426.86 960153 816400E-03
37363 962908 155360E-0
358.72 966248 248480E-04
284.83 969430 360200E-04
273.36 973289 SO1320E-04
239 36 977840 651439E-04
160.34 981439 917159E -4
153 94 985848 120228E-03
134 74 991024 158640E-03
102.72 997003 216852E-03
99369 PN 393780E-03
75782 997382 661908E-03
66308 997622 102314E-02
63660 997912 147942E-02
42643 998143 .202115E-02
37328 998416 275098E-02
35836 998746 367287E-02
28434 999061 477889€-02
27319 999442 617598E-02
23942 999892 .805816E-02
{ SENSOR OFF
PDMAX = 95000 PFMIN = 20000E-01
e PD PF
11299 976981 150400E-03
4.6908 979548 697600E -03
41058 982578 143480E-02
3.9420 986246 236600E-02
3.1300 989742 348320E-02
3.0051 993983 489430E-02
1.6303 998984 679560E-02
2 SENSORS OFF
PDMAX = 95000 PFMIN = 30000E-Ot
t* PD PF
32.222 989720 458000€ .02

with the decision when the observation r falls into this
region. The two regions forming the compliment of the

. (T, T,) region are considered confidence regions and the

bit ¢ = 1 is transmitted along with the decision when he
observations fall into one of the two regions.

The joint probability distribution of (u.c) (skipping
the sensor index for simplicity) can be easily obtained
from ’

Plu.c|H) = P(clu.H,) P(uiH,), &k =0.1 127

where P(u|H,), u = =l and k = 0, | is specified by
Pr and Py, and referring to Fig. 5,
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Pic=llum=Il.H) = f/v dP(riH,)/

!
|
’ I dPtriH,) = C*,
m o v
l P(('ol“’l,”.) = j dP(HH‘]

f i

Plclu.Ho = |, et = s,
Plc=0lu=-1.H) = J” dP(riH,).
‘ | o
J‘,q,,dp("H"' Cho
I Plc=llu=~-1.Hy) = de(eru
E !
|
' f dP(rity) = Ci;
L_ vy
(28)
fork = 0. 1.
Hence. for every sensor
Pu=i. c=jiHy) = C P(u=ilH,).
i= -l l,andj =0.1 (19
and
. ) Pu=i c=jiH,) C) Plu=ilH)
AMu=i. c=j) = . - == - :
P(u=i. c=jiHy) C§ Plu=ilHy)
i= -1, l,andj =0.1. (30
Combining (6) and (22) we obtain
C!.Po)
P(\u.c)!H))=C| Mu.c) - —it=p
(Nu.c H|) C||P06(\(“ c) C'l’l PF
Ch Po)
1 - m——
+ C! Pp 8(.\(14.(‘) c3. P,
C(‘n‘l‘PD‘
I - - ———
+ Cltl Pp)b(.\(u.c) C&,(I—P,-))
Clotl =Pp)
+ C\.(1 - -0 "o
C|o(l PD) 6(\(“(') C:O(I_PF))
3n

Similarly. P(.\(u.c){H,) is obtained from (29) by
substituting P, with P, in the product-weights of the
deita functions. Therefore. the probability distribution of
the LR at the fusion center is given by the convolution

Plog A(u.c}H,) = Pllog \(u,.c){Hy)
s..5 Pllog Auy.cy)|Hy).  (32)

In the case where all the sensors operate at the same
level (P, Pp) the mathematics simplify somewhat. since

P(Mu.ofH 1 = Prik out of N decisions favor H, and.
n out of these k decisions have
confidence index | and. m out of
the N -k decisions that favor H,
have confidence index | 'H,}

- (,’:) (i -ciee (Y4

H(Clol (1= Clol* 47

(’:’) bl-Pyr

/ 134
Similarly.
P(Au.c)iHy) = (:)[C‘.’.l"(l =Chyt
(V‘k -
( N )16?01"(1—6‘301‘ o
AN & - Nt
(k) Pt (1 = Pg) (1)
from which
) N [4 N=-k k
Pr=3 2 2 [( )IC?.I"
kati neit mm; n
-n [ N—k
-t (VoK) e
0 IN~k-m N I3 N4
'[l"Cm] (k) P;‘l‘PF) } (35

The P/, is obtained by an expression similar to (35) with
Pp in place of P, and the index | instead of 0 above C,.
The thresholds ¢7, rf. and 1 are to be determined to
satisfy a given probability of false alarm at the fusion
center. Notice that more than one set of thresholds can
yield the same P%. Clearly, the set that results in the
highest P}, must be selected.

From (35) it can be seen that a superior performance
in regards to (P%. P}) can be achieved when quality
information is transmitted along with the decisions. The
improvement in performance of the fusion center when
quality information bits are transmitted comes from the
fact that the summation over P(A(u.c)|H,) can be made
finer with the three different thresholds. To show that.
consider the example of Section IIA. In this example four
similar sensors N=4. operate at P = 0.05 and P, =
0.95 from received .ata r, ~ N (0, 1) under H, and r ~
N (5=13.29, 1) under H,. The threshold at each sensor 1s
set to 1, = 1.64 to satisfy Pr. Using Fig. 5 and the
prev ous equations, we obtain for r; , = 0.8¢, = 1.312
andr,, = 1.2, and ¢, = 1.968 the Cis that are given in
Table VI.

Using the [FA, it follows that there is a choice of 33
different thresholds that the fusion center can operate so
that (15) is satisfied as shown in Table VII. It can be
seen from this table that there is a significant
improvement in the performance of the overall syvstem
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TABLE V!
Quality But Coefficients For Gaussian Distnbuted Data
o H, Ho
C. 0948 046
Ca 0082 054
Coo 0.52 0047 !
Cu 048 0953 |
TABLE Vil
Decision Fusion 4 Sensor System with Quality Bus
Sensurs PF - Equal ¢ Unequal _
Sensors PD Equal  x Unequal _
Probability Probability
Threshold of Detection of False Alarm

‘a Fusion Center ‘a Fusion Center @ Fusion Center

TABLE Vil
Compansuve Results From 3 Dafferent Fusion Systems W e Four
(N =d) Sensors. All Operaung At Level 1P Pyy = 10 05 095 Wnen
The Individual Sensors Transmu

! P ‘ [N
Only decisions T 0014 1) 9998
Decision with one quality b 1: 00013 13 999R
Raw data (Best centralized N-Ptesti '+ 0001 | 1) s

interesting to notice that fusion of the decisions improves
the performance of the overall system even in the case of
two sensors when quality information bits are transmutted
along with the decisions. as Table IX indicates. Table X
shows the performance of a three sensor system with
quality bits.

TABLE IX

PDMAX = 93000 PFMIN = SO000E-O1

Decision Fusion . Sensor System with Quanty B.s

LN IR

. PD PF Sensoes PF . Equn LMQIIN -
62318 956002 1785S1E-0S Sensors PD - Equal Unequal _
20387 960940 _199808E-0S ‘
9390.7 961918 210220E-05 omll"v iPFf;lmb!:lw
2988 7 963462 .261876E-05 Threshoid 100 of False Alarm
23??‘9 980782 8$6706E-0S @ Fusion Center @ Fusion Center @ Fusion Center
951.21 981595 942131E-08 - ) -
926 73 990711 192880E 04 POMAX = 95000 PEMIN = 30000€.01
438.79 990738 19391E-04 ] PD PF
302.74 990880 197900E-04 1.0654 951900 696499E )2
119 65 990937 201943E-04 1.0380 995129 48611 IE 0L
136.06 992362 JO668SE-04
4 46 992406 316T13E-04
43 303 993906 663133E-04 IV. CONCLUSIONS
42.189 998114 16604 1E-03 . : ,
~(2, ;83 998114 16605 SE-03 The problem of fusing decis ons from .V independent
14 146 998129 167T161E-03 sensors in a fusion center was considered. We assumed
13.782 998524 195805E-03 that each sensor transmits its decision to the fusion
6.5253 998525 -193924E-03 center. The decision of each individua! sensor 1 Sased on
6.3575 998577 204121E-03 the N-P test. The fusion center formulates the LR using
45021 998579 204578E-03 all the received decisions and decides on which
2.0768 998580 -204970E-03 hypothesis is true using the N-P test also. The pdf vt the
2020 998662 .245637E-03
19713 999354 .$96850€-03 TABLE X
66097 999355 .597499€-03
64197 999398 .6647S0E-03 Decision Fusion : 3 Sensor System with Quants Bits
62731 999762 . 124555E-02 Sensors PF . Equal x Unequai _
29706 .999763 124796E-02 Sensors PD : Equat ¥ Unequal _
21036 .999763 124850E-02
20495 999771 128557E-02 Probabiisty Probabi.tx
94544E-01 999772 130148E-02 Threshold of Detecuion of False Aiarm
92113E-01 999810 171378E-02 @ Fusion Center @ Fusion Center a Fuswn Conter
669S1E-01 999810 _171395E-02 : -
30090E-01 999811 175343E-02 PDMAX = 95000 PEMIN = Suare€ ot
29316E-01 999851 .311705E.02 - PD PF
40.645 985857 17"913E
compared with the individual sensors and the fusion 13.217 -‘;S;ggi ‘!:'x:':""é
system without quality information. For a comparable P} ?‘;;;g '9:7994 g
information is transmitted as opposed to (P%, P5) = 62039 994500 SSAWIE
(0.014. 0.9995) without quality information. The 60443 997872 e SE
performance of the fusion center when one quality ;:;:3‘_: ol :;gz‘s) e i '
information bit is transmitted approaches that of the best 28143501 998250 lomsst
centralized N-P test, as Table VIII suggests. It is
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log LR at the fusion center was obtained as the
convolution of the pdfs of the log LRs of the individual
sensors. Once the pdf of the LR 1s obtained. the threshold
at the fusion center 1s determined by a desired probability
of false alarm.

For a fusion system with three or more sensors. all
the sensors operating at the same (Pr. Pp) level. it was
proved that if the N-P test is used to fuse the decisions,
the probability of detection at the fusion center exceeds
that of the individual sensor for the same probabulity of
false alarm. However. if the sensors operate at arbitrary
(Pg. Pp) levels. no general assessment can be made
about the performance of the fusion center since the
performance depends on how far the operaung points of
the sensors are from each other.

The problem of decision fusion when the sensors
transmit quality information bits indicaung thew
confidence on the decisions was also considered and the
N-P test at the fusion center was dertved. Several
numerical examples showed that use of quality
information can improve the performance of the fusion
center considerably.

An IFA was developed to solve the fusion problem
numerically. Once one of the three parameters i threshold.
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probability of taise alarm. or probability of detection) is
specified. the IFA determines the other two. given the
probabulities of false alarm and detecuon of each
individual sensor.

APPENDIX

The IFA receives as data the number of sensors. their
(Pe. Pp) levels. and the C¥ quality information
parameters if the sensors transmut quality information buts
along with thewr decisions. [t then computes the LR pdf at
the fusion center conditioned on each hypothests. After it
computes the pdf. it asks the user which option he she
prefers. The alternative options are the following.

1) Display of the entire pdf.

1) Threshold computanon for a given P and display of
the corresponding P/,.

3) Determination of the thresholds that sausty 115

4) Threshold computation for a given P}, and display of

the corresponding P’

Elimination of one or more sensors and repetition of

the algorithm.

6) Quut.

5

&
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Optimal Distributed Decision Fusion

The problem of decision hmise in disiribsted sensor sysicns
{s comidered. Disiribuied seamors pass Wheir decisions about the
same hypotheses io & fusioq canter thel contbines them into o
fimsl decision. Assuming that the semsor decisions are independent
from sach other comiltionsd oa sach hypothwsis, we provide a
gemerel proof thet the optimal decision scheme the! maximizes
the probability of detection ot the fusion for fixed false slarm
prebabliity consists of a Neyman-Pearsen test (or a randomized
N-P test) ot the fusion sad (ikellhwed-ralic tesis af the sensors.

. INTRODUCTION

Systems of distributed sensors monitoring a
common volume and passing their decisions into a
centralized fusion center which further combines
them into a final decision have been receiving a lot of
attention in recent years [1]. Such systems are expected
to increase the reliability of the detection and be fairly
immune to noise interference and to failures. In a
number of papers the problem of optimally fusing
the decisions from a number of sensors has been
considered. Teaney and Sandell [2) have coasidered
the Bayesian detection problem with distributed
sensors without considering the design of data fusion
algorithms. Sadjadi [3] has considered the probicm of
hypothesis testing in a distributed environment and has
provided a solution in terms of a number of couplcd
nonlincar equations. The deceatralized sequential
detection problem has been investigated in [4, 5]

In {6] it was shown that the solution of distributed
detection problems is noapolynomial compiete. Chair
and Varshney [7] have solved the problem of data
fusion when the a-priori probabilities of the tested
hypotheses are known and the likelihood-ratio (L-R)
test can be implemented at the receiver. Thomopoulos,
Viswanathan, and Buugoulias (8, 9] have derived the
optimal fusion rule for unknown a-priori probabilitics
in terms of the Neyman-Pearson (N-P) test.

For the “parallel” sensor topology of Fig. 1,
Srinivasan {10] has shown that the globally optimal
solution to the fusion problem that maximizes the
probability of detection for fixed probability of false
alarm when sensors transmit independent, binary
decisions to the fusion center, consists of L-R tests

Manuscript received March 31, 1987, revised January 10. 1989
{EEE Log No. 30105.

This work was supported by the SDIOAIST and managed by the Office
of Naval Research under Contract N00014-86-K-0515.

0018-9251/89/0900-0761 $1.00 © 1989 IEEE

IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 28, NO. § SEPTEMBER 1989 "ol




\ ] sen ]
i
{

L e

.. [
N
\ /
Fusion center

N

Fig. 1. Disinbuted sensor fusion. Parsilel topoiogy.

luﬁwl‘!u»lore‘

i e
-
| .
298 r /
/‘ P
) v/
096 p .)/ <
j / ’
- 7 B
=394 / 3
3 / 4
/ ;
2 / /
ooz } / /
/
090 - / / et W a0g
e s apsremn ‘.
r / oo gt umph Baut.ER
288 A { . R

14 16 1] % m’B% 24 26 28

Fig. 2 Exampie of singulanty of Lagrangian approach used in
{10] for decision fusion. Three identical sensors in siow-Gading
Rayieigh channel. Paradigm taken from (11}

at all sensors and a N-P test at the fusion center.

This test will be referred to as N-P/L-R hereafter.
The proof of the optimality of the N-P/L-R test in
[10] is based on the (first-order) Lagrange multipliers
methods which does not always yield the optimal
solution as it is shown by example in {11). For the
paradigm in [11], the Lagrangian approach fails to
yield to optimal solution. Instead, it yiclds a solution
which is by far inferior to the optimal solution, see Fig.
2. A detailed description and analysis of this singular
case is given in [11, 12]. A theoretical explanation of
the failure of the Lagrange multipliers method can be
found in (13, ch. 5, and 14, 15].

In general, if the optimal solution lics on the
boundary of the domain of x (as in the decision fusion
paradigm in (11]), the Lagrangian formulation fails
to guarantee the coavexity of the objective function,
and thus, the optimality of the solution obtained
using the Lagrange multipliers method. In that se.se,
the proof of optimality of the N-P/L-R test for the
parallet sensor topology in (10}, which is based on
a Lagrangian formulation, is incomplete. We give a
complete proof of the optimality of the N-P/L-R test
for the distributed decision fusion problem that does
not depend on the Lagrangian formulation.

. OPTIMALITY OF N-P/L-R TEST IN DISTRIBUTED
DECISION FUSION

A aumber of seasors N receive dawa from a
common volume. Sensor k reccives data 7, and
generates the first stage decision u;, k = 1,2......V.
The decisions are subsequently transmitted to the
fusion center where they are combined into a final
decision ug about which of the hypotheses is true, Fig.
1. Assuming binary hypothesis testing for simplicity,
we usc i, = | or O to designate that seasor i favors
hypotheses H; or Hy, respectively. [n order 1o derive
the globally optimal fusion rule we assume that the
received data 7, at the N sensors are statisucally
independent, conditioned on cach hypothesis. This
implies that the received decisions at the fusion center
are independent conditioned on each hypothesis.
Improvement in the performance of conventional
diversity schemes is based on the validity of this
assumption [16}. Given a desired level of probability
of faisc alarm at the fusion center, Py, = ay, the test
that maximizes the probability of detection Pp, (thus,
minimizes the probability of miss Pa, = 1 — Pp,) is
the N-P test [17, 18]. Because of the comparison to a
threshold this test is referred to as a threshold optimal
test.

Next, we prove that the optimal solution to the
fusion problem invoives an N-P test at the fusion
center and L-R tests at the sensors.

Let d(uy,u3,...,un) be the (binary) decision
function (rule) at the fusion. Since d(uy,u2,....uv)
is either 0 or 1, and all the possible combinations
of decisions {uy,uy,...,un] that the fusion center
can receive from the N sensors is 2V, the set of all
possible decision functions contain 22" 4 functions.
However, not all these functions d can be threshold
optimal as the next Lemma states.

LEMMA 1. Let the sensors individual decisions u,

be independent from each other conditioned on each
hypothesis. Let Ps, = P(u; = 1 | Hg) be the false clarm
probability and Pp, = P(u; = 1| Hy) be the probebulity
of detection at the ith sensors. Assuming, without loss of
generality, that for every sensor Pp > Pg, a necessary
condition for a fusion function d(uy,u3,....ux) 1o be
threshold optimal is

d(Ax,U -~ Ay) =1 > d(A,U~-A,)=1
if An >Alz (1)

where U = {uy,u3,...,un} denotes the set of the
peripheral sensor decisions, Ay is a set of decisions

with k sensors favoring hypothesis H, (whereas the
complement set of decisions U — Ay favors hypothess
Ho), and A, is any set that contains the decisions

from these k sensors. [The symbol “>” is used to
indicate “greater than" in the standard multidimensional
coordinate-wise sense, i.e., A, > Ay if and only if

Un, 2 W Vi, i = 1,2,..., N, with at least one holding as
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a strict inequality, where u, (us ) indicates the decision
of the same ith sensor in the A.(Ax) decision set)

PROOF. Let Py, = P(u; = 1| Ho) be the false alarm
probability and Pp, = P(u, = 1| H,) be the probability
of detection at the ith sensors. d( A, U — A,) = 1
implies that the likelihood ratio

p(AU - A | Hy) _ p(A | H)pU - A | HY) 5 A
P(AnU - A4 [Ha)  P(Ax [Ho)p(U — Ax |Ho) ~ °

@

which in turn implies that, for 4, > Az,
P(ALU - Ay | Hy)
P(AMU = An | HO)
o P [ Hy)p(A, - A [H)p(U - A4, | Hy)
P(Ac | Ho)p(Aa ~ Ay | Ho)p(U ~ A4 | Ho)
> PlA {H)pU — A | Hy)
= p(Ax | Ho)p(U ~ Ay | Ho)

since, under the assumption that Pp, > Pf, for every
sensor i,

P(u.sllHl)'f&>P(u;-0lH|)al-Pp,
P(u;=1{Hy) Pr = P(u;=0|Hy) 1-Pf’

From (3), it follows that d(A..U - A,) = 1.

> Ao 3)

@

REMARK 1. Functions that do not satisfy (2) cannot
lead to the set of optimal thresholds. A function d that
satisfies Lemma 1, is calied a monotone increasing
function in the context of switching and automata
theory, Table 1, [19].

REMARK 2. If Pp = P for all sensors, the L-R at
the fusion is degenerated to one, identically for any
combination of the peripheral decisions {9]. Hence,
for any likelihood test, the false alarm probability
Pr, and the detection probability Pp, at the fusion are
cither a) both one, if the threshold is less or equal to
one, or b) both zero, if the threshold is greater than
one. [n the first case, the {usion rule always favors
hypothesis one, independent of the combination of
sensor decisions, i.e., d(U) = 1 for all Us, which is

a monotone increasing function satisfying Lemma

1. In the second case, the fusion rule always favors
hypothesis zero, independent of the combination of
sensor decisions, i.e., d(U) = 0 for all Us, which is a
monotone increasing function satisfying Lemma 1.

REMARK 3. If Pp, < P for all sensors, the:
inequality in (3) is reversed, and Lemma 1 still holds
with all threshold optimal decisions at the fusion
being monotonically increasing functions of the sensor
decisions.

" REMARK 4. If for some sensors Pp, > Pg, while
for some others Pp, < Pr,, Lemma 1 does not hold.

CORRESPONDENCE

However, this is an uninteresting case, for if we wish
to maximize the detection probability at the fusion, we
would either ignore the sensors for which Pp < Py,
or, randomize their decisions by (lipping cowns and
deciding with probability 1/2 for either one of the two
hypotheses.

LEMMA 2 For any fixed threshold Ao and any
fixed monotonic funcrion t(uy,uy,...,un), Pp, is an
increasing function of the Pps, i = 1,2,... N.

PROOF. The decision function that corresponds 10
the likelihood test at the fusion is contained in the

set of monotone functions of N variables. Consider
one such monotone increasing decision function
d(u1,4y,...,un). The function d, when expressed

in sum of product form in the Boolean sense [19],
contains only some of the literals uy,...,un in the
uncomplemented form and none of the compiemented
variables (8,,8,,...,8y). Since the random variables
Uy, u42,...,uN are statistically independent, it is possibie
to compute Pp, knowing the Pp,s (9, eq. (20)-(22)].
Taking partial derivatives of the Pp, w.r.t. Pps, onc
obtains that (3Pp,/8Pp.) > O Vi, i.c., the desired result.
(As an illustration, consider the function d(u,,u>,u3) =
4y + uzu3. For this function Pp, = Pp, + Pp,Pp, -
Pp,(Pp, Pp,), from which, (3Pp,/0Pp,) >0, i =1,2.3)

THEOREM 1. Under the assumption of statistical
independence of the sensor decisions conditioned on
¢each hypothesis, the optimal decision fusion rule for the
parailel sensor topology consists of an N-P test (or, a
randomized N-P iest) at the fusion and L-R tests at all
sensors.

PROOF. Given the decisions u;,u3,..., 4y at the
fusion center, the best fusion rule which achieves
maximum Pp, for fixed Pg, = aq is the N-P tes:
(assuming that the false alarm probability ao is
realizable by an N-P test at the fusion; the randomuzed
case is trested separately afterwards). Call the best test
at the fusion center 1(uy,...,uy) 2& Ao From Lemma
1, it follows that the decision function that corresponds
1o the above test must be one of the monotone
increasing functions d(uy,uy,...,4n). Assume that the
individual sensors use some test other than the L-R
test and are operating with {(Pr,Pp,) Vi} such that
the condition Py = ag is met. From [8, 9} it is seen
that Py, is a function of the Pgs oaly, and that Pp, s
a function of the Pp.s only. Furthermore, from Lemma
2, Pp, is a monotonic increasing function of the Pp <
Therefore, the L-R tests at the sensors which opera.c
with (P; = Pr, Pp, ) lead to the best performance
at the fusion, since in this case, the achieved Pj s
greater than or equal to Pp, that can be achieved with
any other test at the sensors.

If the false alarm probability ag is not achievable
by an N-P test, a randomized N-P maximizes the
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Optimal Serial Distributed
Decision Fusion

R. VISWANATHAN., Member. [EEE
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Southemn lllinois University at Carbondale

The problem of distributed detection involviag .V sensors is
considered. The configuration of sensors is serial in the sense that
the ( j— 1)th seasor passes its decision to the jth sensor and that the
Jth sensor decides using the decision it receives and its own
observation. Whea each seasor employs the Neyman-Pearson test,
the probability of detection is maximized for a given probability of
(alse alarm. at the Nth stage. With two sensors. the serial scheme
has a performance better than or equal to the paraliel fusion
scheme anaiyzed in the literature. Numerical examples illustrate the
global optimization by the selection of opersting thresholds at the
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I. INTRODUCTION

The theory of distributed detection s receiving a lot
of attention in the literature (1-10]. Typically. a number
of sensors process the data they receive and decide in
favor of one of the hypotheses about the ongin of the
data. In a two-class decision problem, the hypotheses
would be signal present (H,) or the signal absent (H,).
These decisions are then sent to a fusion center where a
final decision regarding the presence of the signal 1s
made. This scheme. which can be termed parallel
decision making, is shown in Fig. 1. In order to
maximize the probability of detection at the fusion center
for a fixed probability of false alarm. the tests used at the
fusion center and at the sensors must be Neyman-Pearson
(N-P) [3. 8]. The above result is based on the
assumpuion that the data at the sensors conditioned on the
hypothesis are statistically independent. If the conditional
independence is removed. the threshold of the N-P tests
become data dependent and does not yield any easy
solution for optimization {16].

We consider a senial distributed decision scheme
(Fig. 2), (in [4] this is called a tandemn network). Though
the serial fusion is very sensitive to link failures. its
performance analysis is of interest. In [4]. the tandem
network was analyzed with Baye's cost as the opumality
criterion. Though analytical equations are given. no
performance analysis for typical channels or companison
of performance with respect to the parallel fusion was
provided. Here we aim to fill this gap.

In Section II we derive the relevant equations
describing the operation of the serial scheme based on the
knowledge that all the sensors employ the N-P test In
Section Il we show that the global optimality is
guaranteed when each stage employs the N-P test
Section IV examines the conditions under which the
performance of the serial scheme is definitely not infenor
to the parallel scheme. Some numerical examples are also
presented to illustrate the performance.

Il. DEVELOPMENT OF KEY EQUATIONS

Consider the serial configuration of distnibuted sensors
shown in Fig. 2. Denote the sensor decisions as u.. u-.
.... uy. The jth sensor receives the decision « . and its
own observation Z, to make its decision u,. The decision
uy at the Nth sensor is the fused decision about the
hypotheses. We assume that the data at the sensors.
conditioned on each hypothesis. are statistically
independent. This implies that Z, and u, _, are also
conditionally independent. As mentioned earlier. the ;th
sensor employs an N-P test using the data (Z.. «

The optimality of this assumption is explored in the next
section.

Denoting the distributions of Z, as p(Z H » and
P(Z|Ho). the likelihood ratio becomes

L(Z,. ll,_|'H|)
L(Z]. “,-||Ho)
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p(z;‘HI)(’D;-|8(“l-I-” + (1 ‘PD;-I)B(“/-H‘

-
p(z,|Ho)[P;,-|6(u,-.-l) * (l_P’J'l)a(“l-l)l
(H

where
PD./‘| » Pf(“,-l = llH‘)

PF/’! = Pf(“/-| = l'HO)
u,_, = k implies that the (j ~ 1)th sensor decides H,,
k = 0, 1, and 8(x) is the Kronecker delta funcuon

defined as 80) = {1 = %and L( ) is the likelihood
Ox»0Q

function {14].
Therefore. the test at the jth sensor is given by

P‘Z,|H|) PD.;-[
p(Z/IHO) PF4;~I

pZIH) 1 - Pp,_, H .
F R ifu_., =0 2)

PZIH) T - P,y m e

where 1 a threshold to be determined.

Equivalently,

H .
V4. e =1
\Z) :[ PO 0 3)

L1
Zo ifu., =1
Ho

p(ZIH)
AZ) = ——
“ P(ZHy)

and
"/_l = PF,[~I 1 - PD.l-l .
to Po,. 0 =P,

Many times it is convenient to use the log likelihood
ratio, ln AM(Z) = A%(Z). Hence,

u ,
. \ lltvl‘ lful" =1
A%Z) : [,;0‘ ifu,_, =0 (4)
and
l;l = ‘]‘.0
. m( Pe,or 1= Po.,-n), =2 ...N
| PF.]-I PDJ“

For the first stage, ¥, = 17,.

A. Faise Alarm and Detection Probabilities
At the jth stage. the false alarm probability is giver
by
P;_J = PY(A.(ZI) > fl‘_olHo. U_, = 0) Pf(u,-| = 0|H.,)
+ Pr(.“(z,) > l,‘,l‘HO' U, = 1)

X Pr(“,-] = l|H0)~
(51

Fig. |. Parallel decision fusion

Zz_.__]
s
u
.
2 u

Fig. 2. Senal decision fusion.

Let
, = Pr(x\‘(Z}) > ’;.,olHo)

b = Pr(A%Z) > 2| Hp)
¢, = Pr(A%Z) > 1%]H,)

d = Pﬂ‘\.(z/) > ']‘.IIHI)' (6)

Using (5). (6), and the conditional independence
assumption, we have

PF‘/ = a,“ - PF./-l) + bl PF./—I' (7)
Similarty,
PDJ = cl“ - PD.]-I) + d[ PD.;—I' (8)

Knowing the distribution of the observations Z, and ustng
(4), (6)-(8), it is possible to compute the Pp,s
recursively provided the Pg s are specified. If the P, S
are kept the same, the serial configuration exhibits some
nice properties [S]. However, for a given Pg 4 at the Vth
stage, this procedure does not guarantee a maximum
Pp_~. In order to globally optimize the performance. that
is to maximize Py, y for a given Pg ,, we need a
multidimensional search with respect to the variables
Pe,s.j = 1,2, ..., (N=1). The results obtained using
the numerical search procedure are presented in

Section IV.
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In Fig. 3 a functionally equivalent form of the senal
decision fusion ts shown. Each sensor. except the first
one. sends two decisions u, 5 and u, | depending on
whether the previous sensor decides aO ora |,
respectively. These decisions are armived by using (3).
The fusion center uses the decision from the first sensor
and sequentially picks the appropnate decisions from the
sensors to armve at the final decision «, which s either
o of uy ;. Performance-wise. the contiguration in
Fig. 3 1s equivalent to the senal scheme. The equivalent
configuration does not have the ume delay problem
associated with the serial configuration. However. both
are hughly sensitive to hink failures.

b -

FLSION CENTER

l SECISION
uy

Fig. 3. Functionally equivalent configuration of senal network

11l. GLOBAL OPTIMALITY

The global optimization problem is to find the tests at

Prl* < AiH)) = PoPr‘.\' - ln‘%—’) <A HA)
[

-~ (l-—PD;Pr( \-

l - Po
+ In ) < AH. .
(l - Pg) H: ) !
Denote the cumulative distnbutions and the density
funcuions of \* under H, and Hy as F*( ). f*0 ) and
F30 ). f30 ). respectively. Since the lett-hand side of
{10) is one minus the probability of detection. we have

- Py =PDF,'(A —|n(§9))

¥

- (I—PD)Fl‘(A - ln(i - z””
- Ny

Similarly,

| - Py = P,rg(x - ln(g‘:’))

1 - P
+(1-P)F2 [\ - ( D)).
{ e) o( In l"PF

(2

We require for a fixed Py , and for any arbitrary but
tixed Pg at the (N — 1)th stage. the P, , 10 be 4
monotonic increasing function of the Py, at the tV ~ 1ith
stage. Observe that if the Py of the (v — [th stage 1»
changed, then the threshold A at the Vih wtage changes in
order that P , remains fixed. Taking the derivative of
(12) w.r.t. P, and equating the result to zero. we obtain

cach stage of the serial configuration such that the Pe 1 - P
probability of detection Py,  is maximized for a given 4\ l’—of $x)) = I - P feixy)
P y. Here, we show that the global optimality is o = = " (3
achieved when each sensor employs the N-P test. dPo  Pefgix) + (1= P f3(x2)
THEOREM 1. Given that the observations at each where
stage in a serial distributed detection environment wih N x; = A — In(Pg/Pg)
sensors are independent identically distributed (11D ). the
probabiliry of detection is maximized for a given w=A—In <| — PD) .
probability of false alarm. at the Nth stage. when each I - P
stage emplovs the N-P resi. Similarlv.
dd-p
PrROOF. Consider the last two stages. At the Vth -—FD—"‘—) = Fr(x;) - F¥(xy)
stage. the N-P test using the data (Zy, uy_,) maximizes o
Pp y for a fixed Pg , [11, 13]. Let d\ !
+ | Postixy | 2 - =)
p(2x. “v-||H|) dPp Pp!
L*= | —————
P2y, uy_,|Hyg) (1= Py) f+ ( dX | ) ]
+ (1=Pp) f(x) { 5= = :
p(Z.|H,) PN NaRy 1 - Ry
A%(Zy) = In ———— . 9)
P(Zy|Hy) o4
Call A*(Zy). Pey-,.and Pp y., as .\*, Pgand Pp. A reasonable requirement is Py > P¢. This impites that
respecuvely. for simplicity. Then. Fix;) = F(xy) is less than zero. Hence. a sutficient
368 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL AES-24 N3 5 JLLY [9mx




condition for‘i‘;':;-L-v > 015 that the term in the brackets
]

in (14) be less than or equal o zero. After some
simplification, using (13). we obtain the following
sufficiency condition:

fx)
’ (.(:)
ta,)

¥

.

[l

et (1%

~
—-&

|

-,

—~a

4y

However. trom the result that the hikelthood ratio of the
likelihood rano 1s the liketihood rauo itself (11, pp. 46].
1t tollows that (15) 1s sansfied with equality.

IV. PERFORMANCE ANALYSIS

A. Numerical Results

By using the algorithm developed in Section II. we
can obtain the best Py  for a given Pg y by using a
search procedure on the variables. Pe,. i= 1, ...,

(N ~ 1). We have recursively used the one-dimensional
optimization routine FMIN [15] for this purpose. The
algorithm also requires the zero of a function in order to
obtain the thresholds at each stage (7). The ZEROIN
routine in (15] is used to solve for the zeros. The
coavergence to the optimum value 1s obtained in the case
of 2 sensors and 3 sensors. For performance companson.
we also considered the following parallel fusion schemes.
two sensors, identical thresholds at the sensors. AND.
OR rules, and three sensors, identical threshoids at the
sensors. AND. OR. majority logic rules. In the three-
sensor case we also consider two other rules. termed £ 1
and F2. F1 comesonds to the Boolean function u, = 4,
+ lyuy and F2 corresponds to uy = u,(u; + u,). For
F1 and F2. sensors numbered 2 and 3 operate at the
same thresholds. In all the cases the observations at the
sensors are taken 10 be IID. Two channel models. namely
the constant signal detection in additive white Gaussian
noise (AWGN) and the detection of a slowly fluctuaung
Rayleigh target (3. 12] are considered.

Figs. 4-6 show the performance of two sensors in
AWGN channel and Figs. 7-9 show the performance
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with three sensors. The curve named parallel is the best detection. In Figs. 13-15, the performances of F1 and
of the several parailel decision rules mentioned above and F2 are equivalent and hence the corresponding graphs
the data fusion corresponds to the centralized detection coincide with each other.

scheme which uses data available at all the sensors. With

two sensors. the serial performs better than the parallel. 8. Comparison with Parallel Scheme

especially at larger signal-to-noise ratios. With three

sensors. the performance of the two schemes are nearly An optimal parallel fusion is the parallel scheme of
the same. Also, cither of them is poor compared with the  Fig. | which gives the largest possible probability of
data fusion. This is due to the loss associated with the detection for a given probability of false alarm at the
distributed detection. In Rayleigh target detection with fusion. Only a monotone increasing switching function.
two or three sensors. the OR ruie is better than the rest of called the positive unate function (17}, qualifies as a
the parallel fusion rules. Moreover. the numerical candidate for the optimal fusion switching function. This
computation shows that the serial is equivalent to OR for  can be easily proved from the requirement that the

this channel. Theoretically establishing the equivalence optimal scheme employs likelihood ratio test at the

has not been possible. In the sense that the serial is only  fusion. One property of monotone increasing function 15

as good as the OR rule, one can term the Rayleigh that function. when expressed as a sum of products does
channel as conservative (Theorem 2 in the next not contain any complemented variables. A switching
subsection implies that the serial shouid be at least as function which can be expressed as a sequence of two
good as the OR nule). Figs. 10-15 show the input and one output functions is a positive unate function

performances of different schemes for the Rayleigh target  and hence qualifies as a candidate for the optimal paralle!
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Fig. 10. Performance of serial and parallel schemes for Rayleigh target detection with two sensors: energy-to-nose density ratio ot € B
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fusion function. An example of one such switching
function of three variables is shown in Fig. 16. Fig. 16
also shows the serial scheme with three sensors.

Theorem 2 (given below) establishes a sufficient
condition for the performance of the optimal serial
scheme to be not inferior to the performance of the
optimal parallel scheme.

THEOREM 2. If the switching function corresponding
to the optimal parallel fusion can be realized in terms of
a sequence of two variable functions with single output.
then the optimal serial scheme is b-tter than or equal 10
the optimal parallel scheme.

PROOF. Consider the conservative situation in which
the decision variable u, in Fig: 16(a) and (b) are identical
and each stage of the serial scheme operates at the

" corresponding false alarms of the parallel scheme (in the
Appendix we show that it is possible to achieve such an
operation). The u, in Fig. 16(b) is a function of u, and
the observation Z.. Since the mapping of (4. u.) to &. in

the paraliel is contained in the mapping of (u,. Z,) 10 4.
in the serial, the detection power P§ ; arained at P¢ ; in
the senal is greater than or equal to Pp ;. Similarly. 4, in
the paralicl is a function of «; and «; only whereas in the
serial it is a function of &, and the observation Z,. 1t is
observed that the 4. of the serial has the same false alarm
P » of the parallel but has a greater than or equal power.
For the serial case, the proof of Theorem | shows that
the detection probability of any stage operating at certain
false alarm is a monotone nondecreasing function of the
detection probability of the previous stage operating at
some false alarm. [t then follows that P§ , s greater than
or equal to Pp o. By induction the proof ic complete for
any N. Conservatively it is assumed that the false alarm
at each stage of the serial is identical to the one in the
parallel scheme. If the serial scheme false alarms are
optimized then definitely P o cannot be less than Py ;.
From Theorem 2. we observe that for the case of two
sensors, the optimal serial is better than or equal to the
optimal parallel scheme. With three sensors. it 1s better
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Fig. 16(a). Example of two tnput and one output parallel fusion
function with three sensors.

than or equal unless the optimal parallel is a2 majority
decision logic. In such a case, only an actual performance
assessment determines which is better. As mentioned
earlier, in the case of Rayleigh channel with two or three
sensors. the numerical results show that the optimal serial
is just equivalent to OR. In this sense the Rayleigh
channel can be termed conservative. Also. in Figs. 7-9,
over the range of false alarms where the parallel
outperforms the serial, the best of the parallel is the
majority decision rule. In the range where serial is better,
the best of the parallel belongs to the class of Theorem 2.

V. CONCLUSION

A serial distributed network of N sensors detecting the
presence or absence of a signal is analyzed. When the
sensor observations conditioned on the hypothesis are
statistically independent, the sensors employ N-P test for
maximizing the detection probability for a given false
alarm probability at the Nth stage (Theorem 1). For
certain noise distributions. the parallel structure requiring
its fusion scheme to belong to a certain class of switching
functions. is not superior to the serial scheme
(Theorem 2). As a drawback, any serial network is
vulnerable to link failures. Some numerical examples
illustrate the performance of the optimal serial decision
scheme.

In the case of Rayleigh target detection with two and
three sensors, the performances of the serial and the OR
fusion rule are equal. For AWGN channel and two
sensors, the serial performs better than the parallel.
However, with three sensors the performance is
essentially the same. It is not known whether there exists
any channel. practical or hypothetical, such that the serial
is better than the parallel for a distributed network with
three or more sensors. Considering the complexity of the
serial scheme and the results from this limited study, the
choice seems to favor the parallel fusion for the

z
Ir?, .

Fod 2,5

v

0

Fig. 16(b). Senal scheme with three senson

APPENDIX

It is shown here that any false alarm is realizabie at
any stage of a serial configuration. Let us denote for
simplicity Pe, .. Ps,. Pp,_i. 2, ,. 4, 0.a,.and b by a.
ao. B. #;. fo. a. and b. respectively. Therefore. using (2)
and (3), and (7)

a =(l-a)a + ab

1 :l-a
o -8
a
1.:15- (Al

The likelihood ratio .\ (from (3)) and hence u and b are
continuous functions of ¢. Hence. for a fixed a. a, 1
continuous function of 1. Let the support of the
distribution of .\ be between 1, and 1, (1, =2 Qand 1, <
). As 1, approaches 1. a. b, and a, approach | and as ¢,
approaches 1,, a. b, and o approach 0. Therefore. any
ag in (0, 1) can be obtained.

Please note that the method employed here 15
suggested by one of the reviewers.
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consider a systam of 1we sensery, S1 and S, in which S1 is the primary

problem is formuisted whose solution is shewn to satisfy certaia ¢ prien
set design criteria that we comsider essential for sensor Musica.

I. INTRODUCTION

Considerable research has been focused lately an the problem
of distributed decision fusion [1}-{6] where a number of dis-
tributed sensors receive data from a common volume. come up
with a first-stage decision. and then transmit their decisions to a
fusion center which arrives at the final decision by fusing the
sensor decisions (or some form of compact information received
from the sensors). The main assumption in the bulk of the
related literature is that the transmission of information from
sensor to fusion (and possibly the opposite way) is done at no
cost. This implies that exchange of information between the
sensors and the fusion is possible at rates limited only by the
physical bounds of the channel capacity. The main emphasis is
then placed on determining the optimal sensor configuration
(parallel. serial. or combination) [5]-{6], and the fusion logic
(AND, OR, etc.) for an array of sensors [S]-[6].

The probiem of team decision with risk is common in C°®
(command. control. and communications) applications (7}, but
not limited to those {13} Practical application areas for team
decision with risk extend to other fields, such as medical diagno-
sis, cryptography, etc.. where exchange of information among
decision-makers is not free and communication cost is a factor.
The communication cost can translate into the risk of revealing
one’s position in C* applications, actual bandwidth limitations
for transmission in bps (bits per second), cost in dollars of a
leased communication line in commercial applications. or a
consultation fee for the procurement of an expert opinion by a
consuitant.

The problem of distributed detection in the presence of com-
munication cost has also been considered by Papastavrou and
Athans {7]. In their formulation, they considered symmetric
operation schemes for both the primary and the consulting
sensors. in a way that ignorance could be the end resuit of an
exchange of information between the sensors even if a price tag
was associated with the information exchange. A general cost
was then attached to each decision under the tested hypotheses.
and the likelihood-test was shown to be the optimal decision
rule under #e given operating schemes [8).

In this note. we consider the problem of distributed decision
making with two consulting sensors in which every inter-sensor
communication incurs some risk, thus making continuous sensor
communication a very expensive and prohibitive proposition. We
are interested in determining the optimum decision scheme
when the structure of the consultation scheme is specified given
that a certain amount of risk (or communication cost) can be
tolerated. Given the structure of the consultation scheme, we
seek optimal decision rules that minimize cost functionals that
involve the probability of false alarm, the communication cost,
and the probability of miss. Different possible formulations are
being discussed in this note.

II. TeaM DECISION SCHEMES

The team-decision scenarios that we analyze in this note
consist ot a dual-sensor system and binary hypothesis testing as

I

[ Consaitant | ?  [Premmry | I Decision

Fig. 1. Dual-sensor coafiguration n consuitation.

in Fig. 1. Due to bandwidth limitations and the sensitvity of the
data. no transmission of raw data between the two sensors is
allowed. The sensors only exchange request signals and deci-
sions. (Additional quality information bits, such as the degree of
confidence associated with each decision, could have also been
included in the scenarios that are considered without affecting
the structure of the tests significantly.) We present numerical
and some analytical results only for the cases where the primary
SEnsOr transmits request signais to the consultant sensor. whereas
the latter reiays only its binary decisions back to the primary,
and no exchange of quality information bits takes place. Ran-
dom consuitation and nonrandom consuitation schemes are con-
sidered.

In the analysis that follows, we assume that the probability
distnibutions of the observations for both sensors under either
hypotheses are absolutely continuous with respect 10 the
Lebesgue measure and that the associated likelihood ratios are
puecewuse continuous functions of the thresholds. Furthermore,
we assume that the decisions of the primary and consulting
sensotrs are mutually independent conditioned on each hypothests.
Numerical evaluation of the optimal solutions for different for-
mulations is performed in additive Gaussian noise channels [9)
and slow-fading Rayleigh channels [3}, {10]. The following nota-
tions will be used in the sequel.

NOTATIONS
Pp, - Detection probability of sensor Si operating alone.
Py, ‘: hlm:; probability of sensor Si operating alone. ¢ =
P, 1-2Flnlze alarm probability of sensor Si operating alone.
=1,

Ppy; = Detection probability of S1 and S2 in consultanon.

Py, = Miss probability of S1 and S2 in consultation.

Pg\, = False alarm probability of St and S2 in consultation.

Py, = Team detection probability.

P, = Team miss probability.

Py = Team false alarm probability.

Pp = Request probability (it determines the consultation
level).

In the nonrandom consultation case, explicit reference to the
sensor threshold(s) will be required. The notation Py(s) = P,
and Py(t]) = Py, X = F, M,or D and i = 1,2, will be used to
indicate the false alarm (X = F), miss (X = M), or detection
(X = D) probabilities of sensor Si operating at thresholds ¢ or
t;. The notation Py; and Py, will be used to make the expres-
sions more compact when needed.

III. RANDOM CONSULTATION SCHEMES

A. Random Consultation with Fixed Probability and Reprocessing:
Problem Formulation

The primary sensor S1 consults 52 randomly with 4 fixed
probability of request P,. When S2 is consulted. 1t relavs s

2

*
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decision to 51, which in tum reprocesses it with its own raw data
in order to come up with the final decision. The objective is to
minimize (he tcam miss probability P,, (equivalently, maxmize
the probability of detection P,,) for fixed faise alarm probability
P;. The distinguishing funu'e of this scheme is that the decision
to consult is random and is made independently of the degree of
confidence that sensor S1 may have on its initial decision u,.
The major advantages of the scheme are that: a) it is simple to
analyze. and b) its performance does not depend on the pror
probabilities of the two hypotheses which may very often be
unknown in C* and other applications.

The optimal random consultation scheme is equivalent to
switching between the ROC (receiver operating characteristic)
curve of 51 alone {9] and the ROC of the serial combination of
S1and S$2 (6} (Fig. 2) according 10 a specified request probability
Py. so that the probability of detection is maximized for a fixed
team false alarm probability a,. (For the reader’s convenience,
the optimal decision test for serially connected sensors is sum-
marized in the Appendix.) The team probabilities are easily
obtained as

Pp = Pp (1 — Pp) + Pp 3 Py (1)
Py = Pyy(3 ~ Pp) + Py 3 Py ¥))
Pe = Pri(1 = Py) + Pp 3 Py 3

where 1 in the subscript indicates the sensor S1 operating alone,
and 12 the serial combination of S1 and 52 to be designated as
$12 hereafter. The random consultstion decision problem is
mathematically formulated as follows:

Maximize Py s.t. P = a, and 0 < Py < By. (P1)

Using Lagrange multipliers w; and w,, the constrained maxi-
mization problem (F1) is convcrted into the unconstrained max-
imization problem

1
maxJ =Py + wfa, - P, ] + E“’z[(ﬂo"’n)"’u‘#’]
(PL.1)

where u? is a positive slack variable that is used to convert the
inequality constraints on P, into an equivalent equality con-
straint. The maximization in (P1.1) is understood with respect to

the choice of operating points of S1 and 52, and the level of
consultation Py.

B. Random Consultation Optimal Solution
Theorem 1: If the ROC's of $1, $2, and the serial combination
of S1 and S2, S12 {6} are strictly concave, then the optimal
solution to problem (P1.1) and thus (P1) involves a
Neyman-Pearson (N~P) test under either stand-alone or serial
modes of operation. The optimal operating points are given as
solutions to the equations
3Py, - Pp,,

Pp Py @

ag = Ppi(1 =~ Pp) + Ppy Py (5

Py = (sz"Pm)'::n(Pn‘Pnz) +% 6)
wyu=0. M

Hence, the optimal solution invoives two N-P tests operating
at points of the S1 ROC and the 5§12 ROC with equal siopes
that satisfy P, = a, and 0 < P, < B,. Condition (7) along with

Sertal Coafiguretsies of
Siagls Senmser 83,

Sanden Reguest Configuretiam 31 & 123

a 1
"

Fig. 2. Receiver operating charactenistics (ROC) for different levels of
random request.

(6) implies that Py = B, when w, » 0, which is true if P,, >
P,. The solution w, = 0 implies P, = 0, which is the solution
when Ppu - Pn. and P’u - Pﬂ. Furthermore, under the con-
tinuity assumptions, the optimal solution is unique.

Proof. Under the assumption that the ROC's of S1. §2. and
the serial combination S12 are strictly concave, the N-P test
maximizes the probability of detection at cach one for any fixed
false alarm probability [9) Thus, for any Py, and Pg; that
satisfy the constraint Py = a,, and for any P,, the detecuon
probability is maximized if the N-P test is used under both the
stand-alone and serial modes of operation. Substituting P, and
P¢ in (P1.1) from (1) and (3), and differentiating J with respect
10 P;, and Py,;, (4) is obtained. Differentiating J with respect
10 P,, setting the result equal to zero and solving for Py, (6) 15
obtained. Differentiation of (P1.1) with respect to u results in
.

From (7). it follows that u® = (Py = 84)Py = 0 when w. = 0.
However, from (6), w, » 0 implies that Py # 0. Hence. P, = 53,
in order to satisfy u? = 0. On the other hand, from (6). w, = 0
if and only if Pp,; = Py, and Py, = Pp,, in which case P, = 0.
and thus u = 0 as well.

The uniqueness of the optimal solution follows from the
absolute continuity assumption and the concavity of the ROC.
from which it follows that (dPp;/dP;,) and (9Pp,./ 3P, ;) are
strictly monotonic functions. Hence, for each w,. there cust
unique points on S1 ROC and on 512 ROC for which (41~ nm
are sarisfied.

C. Numerical Results

Numerical results of the optimal solution to problem (Pl n
additive Gaussian noise channels and slow-fading Raylegn
channels are given in Fig. 3 for different request rates. The
numerical results throughout the note are obtained assuming
the following statistical models for the two channels.

Gaussian:

Observation model at each semsor: r ~ G(0,1). H,. and - ~
G(s.1). H,, where G(a, B) designates an a mean and vanance
B Gaussian distribution. If ¢, is the threshold at the sensor. the
operating false alarm and detection probabilities ( Py, P, are
given by

False alarm probability: P = Q(t,)
Detection probability: Pp = Q(t, — Ve) = Q[Q~'(Ps) - ¢ ]
where Q() = 1 — &() is the cumulative distribution tunction
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(CDF) of the standard normal, Q' its inverse, and ¢ = SNR at
the sensor in decibels.
Rayleigh:

False alarm probability: Py = [A(1 + .)]'“’%’

1
Detection probability: P, = [P,]'17e’
where A is the threshold used, and ¢ the SNR at the sensor in
decibels.

From Fig. 3. it is casy to sec that the optimal solution to
problem (P1) is: a) monotonic with respect to the information
fused independent of the quality of the sensors; b) monotonic
with respect to 8,; and ¢) independent of the a priori uncer-
tainty. These properties are analytically proven in [12]

D. Random Consultation Suboptimal Solution

A suboptimal solution to problem (P1) is obtained if P,, and
P,,; are constrained to be equal, thus equal to a, according to
(3). The suboptimal solution to problem (P1) involves N-P tests
for both S1 and 512 as well. The suboptimal operating point is
given as a point between the S1 and 512 ROC curves at level a,
determined by the equality Py = 8, (Fig. 2). The system P, =
Pp(1 = By) + Ppy; By (12] Numerical results of the suboptimal
solution to (P1) in Gaussian and slow-fading Rayleigh channels
are shown in Fig. 4 for 8, = 0.25 and 0.75. For comparison, the
optimal random consultation ROC’s for the same values of 8,
are overlayed in the same figure. The ROC's of the optimal
random consultation scheme are slightly (but visibly) superior to
the ROC’s of the suboptimal scheme for the Rayleigh channel,
but almost identical (superior only on the third significant digit,
not visible in the plots) to the suboptimal scheme for the
Gaussian channel.

1V. NONRANDOM CONSULTATION SCHEMES WITHOUT
REPROCESSING

A. Operating Scenario

In the nonrandom consultation schemes we assume that the
decision to consult is made only when the initial decision u, of
$1 falls within the indecision region (see below for definition),
othetwue.u,utakenasﬁmleltfausoumdemereponof
indecision. While several different operating scenarios are possi-

We constrain the cousultation schemes to the following class.
Let A(r) == (P(r,|H,)/P(r|H,)) designate the likelihood ratio
(LR) at the ith sensor using data r,, i = 1,2. Assume that 51 has
an uncertainty region (15, 77). When A(r,) > 1}, 51 decides in
favor of H,. When A((r,) <, S1 decides in favor of H,. In

_'Ammmmumwmmm
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Fig. 3. Optimal random consuitation detection probability versus SNR
for false alarm probability 40 = 0.001 and different request rates.
Channels: Gaussian (solid) and slow-fading Rayicigh (dashed).

200

18.00

Sgnai-ta-toie fotie (¢8)
Fig 4. Comparison of detection probabilities for the suboptimal non-
random scheme for request probebilities 0.25 and 0.75. Channels: Gauss-
ian (solid) and Rayleigh (dashed).

either case, no consultation takes place and the decision of Sl is
final. When A(r,) € (¢],¢7), S1 consults S2 without transmit-
ting any quality information about its preliminary decision to S2.
When 52 is consulted, it processes its data using an LRT
conditioned on the event that S1’s decision falls in the indeci-
sion region /, induced by the fact that it has been consulted, and
relays its decision u; to S1 which takes it as final for the entire
system. Thus, S1 decides according to the following scheme:

Ay(r) s #;: choose H,
t; < A(?,)) < t]: choose I (Ignorance)
Ay(r)) 2 1]: choose H,
while 52 employs the familiar likelihood ratio test given by

H,
Ay(ra uy=1)1,.

Ho

If u, denotes the final decision of the system, the overall miss

®

)
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probability P,, is given by
Py = P(ug=0lH,)
- ZP(MO - m“l. ”l)P(“||H|)

= P(ug = Olu, = 1, H)P(u, = IH,)
+ P(ug = Olu, = 0, H,)P(u, = 0lH,)
+ P(ug = Oluy = I,H))P(u, = 1|H,). (10)

The first part of the right-hand side of (10) equals zero, while
the second and third parts can be simplified to give

Py=P(u, =0lH,) + P(4, = Oluy, = [, H)P(u, =1\H,).
an
Expressing P, in terms of the likelihood ratio A(r,) and
Az(’:. U - 1), we get

Pu= [  dP(A(R)IH)
AYREIN
+f  dP(Ay(rauy = l)m,)j dP(A(r)IH). (12)
\ <y
Dropping the arguments from the LR's A(r)) and A (rs. 4,
= [) for notational compactness, an expression for P, is ob-
tained from (11)
Po=f dP(AJH) + [ dP(ASH,) [ dP(A IH,).
Ay Ag>1y &

(13)
Similarly, for the overall faise alarm probability we obtain

Pr= | dP(AJH) + [ dP(AqlHy) [* dP(AIH,)
A> 1y Aa>ty [
(14)
and for the probability of request

Pe= [ dP(A,) = [ [dP(AIH,) Py + dP(AIH, )1 - Py)).

1)

Note that it is necessary to express the likelihood ratio

Aylry,u, = I) in terms of A,(r,) in order to be able to evaluate
the integrals |, ,, dP(A,lH,) and IA,,.,dP(AzIH.) Taking
mmmntthemmptmthuu,mdu,mmdepcndem
cnditioned on each hypothesis

P(’z‘“l - ['”|) #,

Ayryuy=l)= --———P(’z'“l ~TiHy) ilz

P(r)|H\)P(u, = I|H,) H

P(ryiHy)P(u, = I1H,) 4, !  (16)
or
[" dP(A IHI) o,
Malray = 1) = Axtr) = 2n an
f dP(A1Hy) Ho
® ° ® °
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Hence

/" dP(A\lH,)
Ay(ry) lh—-——-—
He [ dP(A\H,)

-,

(18)

Therefore, it follows that

[, . dP(As(ryu = 1K)

APELS

- j\ dP(Ay(r)iH), for i=0.1. (19)
A6
Using (19) and the more convenient notation with the thresh.
olds ¢, 7 of S1. and ; of S2 explicitly indicating the correspon-
dence between the mode of operation and the related probabili-
ties (12)-(15) take on the more compact form

Py = Py(1]) + Py (03)[ Py (17) = Py (1)) (20)
Pp = Pp(e7) + Po(8:)[ Po(t]) = Pp(t])] 1)
Pp = Pp(17) + Pp()[ P (1)) = Pp(17)] (22)
Py = Po[Pp(1}) — Pp(17)] + (1 = Po)[ Py (£7) - Py (1})).
(23)

Note that the expressions for Py, P, and P, are subject 10
the constraint ¢{ 2 f; which in turn implies that
Pr(8}) 2 Pe(17) and Py (1)) < Py (17). (24)
In the nonrandom coasuitation framework described above.
the team-decision problem can be formulated as a constrained
or unconstrained optimization problem. A number of different
formulations are meaningful depending on the application and
the objective. Using (20)-(23), and the constraint (24), it is
possible to determine the optimum thresholds ¢;, /7, and i;
numerically for a wide range of formulations. In this note
however, we are only concerned with one nonrandom consulta-
tion formulation. Additional nonrandom consultation formula-
tions and numerical results are availabie in [12}.

B. Problem Formulation

We formulate the nonrandom consultation decision making
probiem as follows.
Maximize:

Ppmwpp-a‘mpnsﬁo. (P2)

The inequality constraint in Py and the N-P test optimal
solution to each subproblem of S1 operating alone or 52 in
consultation with S1, guarantee the existence of the optimal
solution. However, the optimal solution to problem (P2) cannot
be obtained analytically. Using numerical techniques. the opti-
mal solution to problem (P2) (i.e., the optimal thresholds) can be
obtained via a search algorithm. Using the more compact nota-
tion Py, and Py, from the earlier defined notations, (22) and
(23) are written, respectively, as

ag = P7, + Ppy( Py - P)] (25)

and
Pp = Po[ Py = PR] + (1 = P)[ Py = Py] < By (26)
The maximum P, is found by searching over Py, in the range of
{0, 1] and using (25) and (26) to determine P;, and P;.. subject
to the constraint Pz, 2 P7, (since 17 2 ¢)).
Lemma 1: Let 1, be the optimal threshold of S for
problem (P2) when 8, = 0, i.c., when S1 operates alone at faise
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alarm probability a,. Then, for every 8, > 0
RV 3141 @n

where ¢ and ¢ are the thresholds of S1 for the optimal
solution to problem (P2). Furthermore, in order to improve the
performance of the consultation arrangement beyond that of S1
operating alone at the same false alarm probability. the optimal
threshold for $2 must satisfy the inequality

j"" dP(AH,)

[, 2PCLHY) > (28)

[‘f" dP(AIH,)

If there are no (7, ¢}, ¢3) such that (28) is satisfied as a strict
inequality, Py = 0, ¢; =] =1, ,and P, = Py (¢, ).

Proof: From P, = a, it follows that ¢ 21, ,,. Equating
the false alarm probability of the two-sensor system with that of
S1 operating alone, it follows easily through elementary alge-
braic manipulations that

[ aP(A\IHy)

'l,a.

—t———x1  (9)
[ dPCA IHy)

f,,  AP(Axr2)Hy) =
A>3

from which (27) follows. Using (21), the requirement P, >
Pp(t, ) translates to (28) with some clementary algebra. If (28)
cannot be satisfied as a strict inequality, it implies that for every
(1, 17) the ratio on the RHS of (28) must always be one, since
the LHS of (28) is a cumulative probability distribution which by
assumption is assumed to be a continuous function of the
threshold ¢;, thus taking all the values in [0, 1] This in rum
implies that ¢ = ¢} = ¢, , from which it follows that Py = 0
M heme. PD - PDl(‘I.a.)‘ [m]

C. Numerical Resuits

The optimization problem (P2) was solved numerically in the
Gaussian and slow-fading Rayleigh channels for different maxi-
mum allowable request rates 8,. Numerical results from the two
channels for fixed team false alarm probability ay = 10~3 are
summarized in Figs. 5 and 6. The detection probability curves
for the two channels were obtained by constraining the maxi-
mum allowable request probability at a designated level 8, and
numerically solving the optimization problem (P2). On each
figure, the request probability eavelope (bell-shaped curve) indi-
cates the maximum optimal consultation rate and is achieved by
setting B, = 1. It is interesting to note from Figs. S5 and 6 that
the nonrandom consuitation strategy does not always use the
maximum allowable consultation rate for the entire SNR range.
This seems to be counterintuitive, since it can be argued that
more often consultation can only improve the team perfor-
mance. This might have been true if the decision to consuit were
not associated with the degree of confidence of the primary
sensor on its preliminary findings. However, in the nonrandom
strategy scenario that we consider here, this is not the case. In
our scenario, the decision to comsult is associated with the
confidence that the primary sensor has on its data. Furthermore,
since the decision of the consulting sensor is taken to be final
once consultation takes place, the initial decision of the primary
sensor only affects the threshold of the secondary sensor (18).
Thus, the maximum consultation rate is not necessarily always
equal to the maximum allowable request rate, for the maximum

Fig. 5. Detectica (solid) and optimal nonrandom request (dashed)
probabilities versus SNR for s Gaussian channel. False alarm probability
A0 = 0.001 and prior probebility £0 = 0.5.

s00 1800 ’
Sgnat-to-ioine Ase (W)
Fig. 6. Detection (solid) and optimal noarandom request (dashed)
probabilities versus SNR for the siow-fading Rayleigh channel. False
alarm probability 40 = 0.001 and prior probability PO = 0.5.

consultation rate is dictated by the degree of confidence of the
primary sensor on its initial findings which is a function of the
SNR and the channel statistics. From Figs. 5 and 6, it is seen
that the optimal maximum request probability saturates at dif-
ferent levels for the two channels. This difference in the behav-
ior of the two channels is explained in (13]).

Another observed difference in the behavior of the two chan-
nels is reflected on the variation of the maximum opumal
consultation rate with the prior P, for fixed SNR and false
alarm probability, Fig. 7. The request probability P, in (23)
depends on the probability masses associated with the indecision
region under each hypothesis and on the prior P,. If the inequal-
ity constraint Py < 8, can be satisfied as a strict inequality for
any prior P,, then the indecision probability masses [ P,(¢;) -
Py(t7)] and [Py (t7) — Py(t;)] will remain constant irrespective
of P,. This is definitely the case when B, = 1. Hence. for the
maximum optimal consuitation the variation of P, with respect
to P, is linear (Fig. 7). For the Rayleigh channel. the maximum
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Fig. 7. Effect of prior PO on detection and optimal request
probebilities. 40 = 0.001, SNR = 10.0 dB. Channel: Gaussian (G) and
Rayleigh (R).

optimal request rate is monotonically increasing with P, while it
umnmlxydecnum;fotmeGmchnnel.mee
Gaussian channel, it was found that P, decrcases as P, in-
amhrapecﬁveofﬂ.,mdo!SNR.Hmr.fonhenyleigh
channel, the variation of Py as P, increases depends on S, and
on SNR. The reason is that the slope of the line that determines
Py in (23), that is [Pp(t}) = Pp(t})] = [Py(t}) = Py(¢})), does
not maintain the same sign for all By’s and SNRs. From Fig. 8, it
is seen that the slope is negative, implying a decreasing consulta-
tion rate for Pp < 0.725 but positive, implying an increasing
slope for Pp, > 0.725.

From the analysis of the numerical results, it follows that
despite the exhibited differences between the two channels, the
optimal solutions possess the desired properties postulated by
the design criteria in (12} Analytical results supporting some of
the above qualitative statements for channels that can be mod-
eled by absolutely continuous distributions with respect to the
Lebesgue measure under either hypothesis can be found in [12)
for the formulation of problem (P2) and other formulations.

D. Comparison of Numerical Results

In order to compare the advantages from nonrandom consul-
tation versus random consultation, the minimum necessary re-
mmmmmemmmmxy

noarandom consultation as with optimal random

tation is computed and plotted in Fig. 8 as function of the
prior probability for the Rayleigh channel assuming team false
alarm probability 0.001. For random consultation, the request
probability is independent of the prior P,. On the other hand,
the optimal request rate for nonrandom consultation increases
linearly as P, increases for Pp > 0.725, but remains substan-
tially below the required request rate in random consultation for
the same P, (compare to Fig. 3). Thus, optimal nonrandom
consultation results in substantial reduction in communication
requirements (consuitation rate) required to achieve a certain
team performance level compared to random consuitation. No-
tice that in Fig. 7, the detection probability for the Rayleigh
channel is below 0.72S, and thus the request rate decreases as
the prior probability increases, in agreement with the results in
Fig. 8. If a cost factor (price) is associated with the communica-
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random schemes at optimal rates for Gaussian (G)
and Rayleigh (R) channels. 40 = 0.001 and PO = 0.5.

tion requirements, the (P2) optimization problem can be modi-
fled to actount for that cost {12]

The nonrandom consultation scheme is compared to optimal
and suboptimal consuitation schemes for the request rates equal
to the optimal nonrandom request rate, i.c., the rate that corre-
sponds to B, < 1 (Fig. 9). The optimal symmetric. nonrandom
consultation scheme for 8, = 1, i.e., the serial combination S12.
is also included in the figure. The following are observed: a) the
optimal, nonsymmetric, nonrandom consultation scheme per-
WVetydmely(ndenmnym!heme of the Rayleigh chan-
nel) to the optimal, symmetric, nonrandom consultation scheme.
i.e, the serisl combination S12; b) the performance of the
optimal and suboptimal random consultation schemes is inferior
to the nonrandom consultation at the optimal request rate; anc
¢) the suboptimal random consultation scheme performs worse
than the optimal random consultation for the Gaussian channe!
but identically to it for the Rayleigh channel.
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CONCLUSIONS

Random and nonraadom coasuitation schemes are examined
and different mathematical formulations of the decision making
problem in the presence of consultation cost are analyzed. The
problem of consulting sensors is cast in a general framework
suggested for sensor integration that satisfies design criteria that
guarantee the benefits of data fusion (11} The analysis and the
numerical results indicate that the optimal solutions to the
different schemes introduced in this note satisfy the three data
fusion design critena which we advocate to be essential for the
design of any practical decision making system, namely mono-
torucity with respect to fused information, monowrucity with
respect to the cost associated with aquiring the information, and
robusmess with respect to a priont uncertainty. Comparison be-
tween the random and nonrandom consultation schemes demon-
strates that nonrandom consultation considerably reduces the
communication requirements for achieving a desired perfor-
mance level compared to the communication requirements for
achieving the same performance level with random consultation.
Additional analytical and numerical results from different for-
mulations of the problem can be found in (12}

APPENDIX

To derive the ROC of the serial combination of S1 and §2,
we consider a system of two sensors S1 and S2 in which the
decision u, of sensor $2 is transmitted to sensor 51 and is then
used together with the raw data Z, available to S1 to arrive at a
final decision u,. To that extent, we follow an analysis similar to
{6] Denoting the distribution of r, as p{r,|H,) and p(r |H,),
the likelihood ratio at sensor S1 becomes

L(r,,uslH,) - p(r\H ) Pp; 8(uy ~ 1) + (1 = Ppy) 8(u,)]
L(r,uslHy)  p(rilHo)[Pry 8(uy = 1) + (1 = Pyy) 8(u3)]

(A.l)
where

PDZ - h(u: - I'Hl) and PFZ - h’(“z - llHo) (A.Z)

are the detection and false alarm probabilities at S2, respec-
tively, u, = k implies that sensor 52 decides H,, k = 0,1, and
8(x) is Kronecker’s delta

x=0
0 x%0

Hence. if ¢ is the threshold at sensor S1, the test at S1
reduces to

8(x) =

p(riiH)Ppy M
P(r|Hy)Ppy 4,
p(riH (1 = Ppy)
P(riHo)(1 = Pr3) 4,
Alternatively

if uy=1

if Uy = 0. (A.J)

(A4)

where

M. v, SEPTEMBER 1992

and

{1l

2

3

(o 3

(s)

{6l

4

(8)

{9
(10)
{11}
(2]

(13)
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TABLE [ TABLE I
Number Of Monotone lacreasing Functions And Percentage of Total Number Of Functioas Searched For The Set Of Opumal
Reduction Thresholds
- ] P — 3
Number of Ly (s number @
Number of Monotone Number of all Percentage Number of  of Monoione Totai Number of Percentage ’
Sensors N Functions  Posuble 22 Functions  Reduction Sensors N Functions -2) Funcuons Ry  Reduction
! 3 s 2 1 1 1 000 x,
2 6 16 62s 2 4 2 50.00
3 p-] 256 9219 3 18 9 50.00
4 168 65.536 99.74 4 166 114 3113
L] 7.581 4.2949673 x 10° 99.99982 s 151 6,894 903 ®
6 7828354 1.8446744 x 10** 100 6 7.828.382 7.786.338 0.54
probability of detection at the fusion for the given
false alarm probability. Let the best randomized REFERENCES
N-P test at the fusion center be t(uy,...,un) zm Ao W c £ D - .
ing i il onte, E., D'Addio. E.. Fanna, A.. and Longo. M. (198))
tv.p. I resulml:? in false alarm pxoba'bnhxhy Pr,, and Multisiasic radar detection: synihekss and companson of
i(uy,....un) 2, Ao w.p. 1 - p, resulting in faise alarm optimum and suboptimum recervers.
probability Pr,. The thresholds Ao and Aq are chosen so 1EEE Proc. F, Commun., Radar & Signal Process. 1983.
that the total false alarm at the fusion (2] Tancy. R R, and Sandeil, N. R.. Jr. (1981)
Detec..on with distnbyted sensory.
- ao. s IEEE Transections on Aerospace and Electronic Sysiems.
Pr,= pPr + (1= p)Pr, = a0 ®) AES-17 (July 1981), 501-510. »
Thus, the corresponding detection probability at the (3]  Sadjadi. F. A. (1986)
fusion Hypothesis testing in a distributed environment.
IEEE Transacrions on Acraspace and Electronic Sysiems.
AES-22 (Mar. 1986), 134-137.
Pp, = pPp, + (1~ p)Pp,. 6
0, = PFo, + (1= p)Fo, © [4] Teneketzis, D.. and Varaiya, P. (1984)
Since the probability p is fixed from the constraint The decentralized quickest detection probiem. 'Y o
(5), the detection probability in (6) is maximized ﬁff mm on Automatic Consrol. AC-29. 7 (luly
if each one of the Pp, and Pp, is maximized. » :
But, according to the part of the proof in the (5] Teneketzia, D. (1982)
nonrandomized N-P test above, each one of these 1wo The decentraiized Wald probiem.
. . . . . {n Proceedings of the IEEE 1982 Inwernational Large-Scale
detection probabilities is maximized if an L-R test is Systems Sympasium, Virgima Beach, VA. Oct. 1982,
used at the sensors. Hence, the Theorem is also proven 423-4%. ()
for the randomized N-P/L-R test. {6]  Tsitsiklis, J. and Athans, M. (1985)
. . . On the compiexity of distributed decisi bl
A precise characterization of the set of fusion IE';:E m on M:;m,c CW,:; P,:J: ";‘N av
functions that satisfy Theorem 1, indicated as Ry in 1985), 440-446. '
Table I, can be found in [12]. (1 Chair. Z. and Varshney, P. K. (1986)
Optimal data fusion in multiple sensor detection systems. »
IEEE Transactions on Aerospace and Electronic Sysiems.
Il. CONCLUSIONS AES-22, 1 (Jan. 1986), 98-101.
A general proof that the optimal fusion rule for (8] m;':)‘ S. C. A. Viswanathan, R.. and Bougouhas.
the distributed detection problem of Fig. 1 involves Optimal decision fusion in multiple sensor systems.
an N-P test (or a randomized N-P test) at the fusion In Proceedings of the 24th Allerion Conference. Monticetio,
and L-R tests at all sensors has been provided. The IL. Oct. 1-3, 1986, 984-993. »
proof does not suffer from the weaknesses of the {91 Thomopouios S. C. A., Viswanathan, R., and Bougouhas.
Lagrange-multipliers-based proof in [10]. D. P (1987)
Optimal decision fusion in multipie sensor systems.
‘EEE Transactions on Aeraspace and Eleciroruic S\siems.
S. C. A. THOMOPOULOS®
R VISWANATHAN AES-23, S (Sept. 1987), 644-653.
D. K. BOUGOULIAS {10} Srinivasan, R. (1986) »
Dep't. of Electrical Engineering Distributed radar detection theory.
Southern [ilinois University IEE Proceedings, 133, Pt. F, 1 (Feb. 1986), 55-60.
Carbondale. IL 62901 (11] Viswansihan, R., and Thomopoulas, S. C. A. (1987)
*Currently with: Distributed data fusion.
Dep’s. of Electrical Engr. Technical report, TR-SIU-DEE 874, Department of
The Penrsylvania State Univ. Electrical Engineering, Southern Illinois University
University Park. PA 16802 Carbondale. Apr. 1987, »
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THEORIES IN DISTRIBUTED DECISION FUSION: COMPARISON AND GENERALIZATION

Stelics c.A.‘nmpodu'

Dectision and Control Systems Laborutory
Department of Electrical and Computer Engineering &
The Pennsylvania State University !
University Pari. PA 16802
Tel. (814) 868 - 3744, c-mail: sct®psuccl.bitnet
Abstrast
Distributed Dectaton (Evidence) Pusion (DD(E)F) exhibits some interesting characteristics which are not present ’
in centralised, or raw data. fusion. The interesting characteristica relate 0 the semantic informaton that the
dectstons (in the broader senss of the term) convey which (semantic informaton) is not present. at least explicitly. when
raw data is fused. Different theories and results related to DD(EIF hsve appeared in the lterature. Each theory takes a
different stand on the definition of how 10 measure evidence or combine decisions. The objective of this paper i3 o
investigate the nature of DD(E)F and establish a comparative basis between the two most prominent theories tn DD(EJF.
namely the Bayestan and Dempster-Shafer theories. To that extent. the similarities and differences between the two
theortes that result from the semantic differences in the format of the fused information are investigated. A performance »
comparison between the two theories is attempted. A Generalized Evidence Processing (GEP) theory that extends the
Bayestan approach tnto fussy decision making is used to compare the performance of a Bayesian soft decision making system
with that of a hard decision making Bayesian system. The similarities and diflerences between the GEP combining rule and
the Dempater's combining rule are discussed and a consistency comparison betweoen the two rules ts performed.
1. Distributed Decisicn Pusion and Evidence Precessing
Distributed Deciston (Evidence) Pusion (or DD(EIF 1n the sequel) exhibits some interesting characteristics which
are not present in centralised. or raw data. fusion. The interesting characteristics relate to the semantc informaton ’
that the decisions (in the broader sense of the term} convey which 19 not present. at least explicitly, when raw data is
fused. Different theories and results related to Distributed Deciston Fusion (DDF) have appeared in the literature the
last decade [TeSa 91. Sadj ‘88, ChVa ‘86, Srin ‘86, TVB ‘87, VTT '88. TVB '88. Demp '68. Sha/ '76. Thom '90]. Each theory
takes a different stand on the definition on how to measure evidence or combine decisions. The objective of this paper 1s
to investigate the nature of DD(E)F. present some of the dominating theorics on DDF and D/, highlight simiarities and
differences among them that result from the semantic format of the fused tnformation. and exploit natural opological » o
equivalences between DDF and structures that exhibit iearning abilities. such as neural networks.
To avoid concealing some of the issues under structural complexities and keep the discussion focused and as
clear as possibie we consider the simplest. yet fundamental. DDF topoiogy and problem. We assume a parallel topology in
which each sensor recetves data from a common volume, Fig. 1. Furthermore. we assume that the sensors are perfectly
aligned. 3o the problem of mismatch does not arise [ThOk '88l. In this paralie! topology we assume the simplest DDF
problem with each sensor's data statistically independent from the other sensors. Each sensor performs a local operation
on its data and transmits the outcome to the fusion. The fusion collects all the local information from the sensors and »
produces ths global inference. Several optimality results on Bayesian DDF have been obtained the recent years {TVB ‘89|,
IChVa '88]. [TVB 871, [VAT '89). [Thom 'S0, [Tsi ‘90]. Under the assuptions stated above, the optimal Bayesian DDF ts
shown in Fig. 2. In this paper we consider mult-level logic decision rules, in which the number of permissible local
decistons exceeds the number of tested hypotheses. Declsion rules for binary. as weil as multiple hypotheses. testng
probieras are considered.
In DDF. the outcome of the global processing {fusion) depends on the outcome of the local data processing
(sensor level) and the semantic format of the fused informadon. In the Bayestan context. the outcome of the local )
processing can be either hard decisions in a single-leve! logic [Thom 'S0}, or soft decistons in a multt-level logic [Thom
‘90], or it can be the outcome of a simple quantization of the data, if po semantic attributes are attached to the outcome
of the local processing [LLG '90]. In the context of the Dempster-Shafer's (D-S) theory. the outcome of the local
processing is a set of probabilities that relate to the degree of support for each proposition in the frame of discernment
by the the data of each local pcocessor {Demp '68. Shaf ‘7¢1. Thus. the local processing outcome of a Bayesian DDF is a
quantized scalar number. whereas the outcome of the D-S local processor is a real-valued vector that corresponds to an
entire probability distribution. )
In additon to semantic differences in the output of the local processors, there are also substantial
differences in the communication requirements for transmitting the local information 10 the fuston. Even in the presence

1. This research ts sponsored in part by SDIO/IST and managed by the Office of Naval Research under Contract
N00014-86-k-05185.
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of muiti-level logic. the communication requirements for ransmitting one out of. say. M (ntegers is substantially lower
than transmitting an M-dimensional real-valued vector. Hence. the commurucation requirements for the Bayesian DDF are
substantially lower than the requirements of D-S DEF for the same number of data. Thus. s meaningful comparison between
Bayesian and D-S DDF should either fix the available communicaton bandwidth o be the same for both approaches. or fix
the fusion objectives to be common and study the communication overhead. n this paper we attempt a comparison of the D-
S DDF with the Bayesian DDF assuming ddentical communication requirements.

Several optimality results on Bayestan DDF have been obtained the recent years [TVB "89] (ChVa '88]. [TVB '87),
(VAT ‘89|, [Thom ‘90l {Tst ‘90. In (Thom ‘88 and Thom '90} a Generaltzed Evidence Processing (GEP) theory was
introduced. The theory generalizes the Bayesian DDF into 8 [ramework where soft decision making ts allowed. The GEP
theory is briefly suimmartaed tn the next section. For a compiete description of the GEP theory. see {Thom ‘90 and Thom
'90}.

3. Generalized Bvidencs Procsssing Theory

The ptvoting idea behind GEP theory is the separation of hypotheses from decisions. Once this separation s
underswod. the Bayesian (or N-P) DDF theory can be extended 1o a frame of discernment similar o that of D-S theory. In
the context of GEP theory. the choice of different dectsions can be thought off as different quantization levels of the
data For notational sumplicity, the GEP theory ts first presented for binary hypothests decisicn {usion. Generalizaton
to multiple hypotheses decision fusion follows at the end of the section. Let H, . H, be the two hypotheses under test.
The probabiiity space is partitioned into two regions according 10 the events lo = H,} and (o = H, | with associated

ptohabmua!’l aOaMPonmpecnvely.\vMRPl vPool. l.ctdo.dl.nnd% :-%.,l be a frame of discernment

used by a decision maker to partition the probability space according to the gathered evidence. where the three decisions
eomspandmdnmpoduom'ﬂo true.” 'Hl tme.'and'l-b m-l'l1 true.” respectively. ‘l'hedecmon$ - ‘bvl'“’h‘"
v stands for “or.” indicates the inabulity of the decision maker to come up with conclustve evidence on the true nature

of the hypotheats.
mwwpmmmmmmmpmmmxymzdmm%l is equal to

Pﬂdmll-PﬂHOOHll-Nﬂol*MHxl-l .1
since Ho and Hl consttute a disjoint coverage of the probability space over which the evidence processing problem (s

defined. As it was mentioned eariter. the apparent weakness of the Bayestan theory to incorporate non-mutually exclusive,
Le. redundant, propositions gave rise to the D-S theoty which ts particularly efficient tn dealing with fuzzy
propositions. However, by disassociating decisions from hypotheses, a unified [ramework is created which can accommodate
both Bayestan and D-S DDFs.

o the context of GEP theory. the basic probability assignment (bpa) is accomplished etther by minimizing a
genenaltzed Bayestan risk {Thom 891, or through any method that is applicable to D-S theory [Thom '90|. If the objective
at the fusion is 10 minimize a generalized Bayesian risk. evidence combining in the GEP theoty ts done using likelthood
rauo functions and pairwise multiplication of probabilities according to the way described in Table | and Eq. (2.2). The
GEP combining rule involves pairwise multiplication of probability masses according to Tabie | as in D-S theory. However.
in GEP theory, the masses are associated via thresholds (n an optimal way so that & certain risk is minimized. or so that
the probability of detection is maximized for fixed false alarm and indecision probabilitics (generalized Neyman-Pearson
test), whereas in D-S theory the probability masses (beliefs) are combined according to intersection of events. resulting
tn evidence conflict (Eq. 3.6). For a numerical study of the effect of the decision cost on the selsction of the bpa and
the performance of the GEP DDF rule see [Galu '90).

Teble I GEP Bvidence Combining Rule (2 hypothesss, 3 decisions)

s3 my(d, ) m;m my(d, )
81
m’ () m ) md) ! ) mid ) ') md)
1 (%I my m, (d. ] m, (d. mdim,
m'd) m' ) md) ! ) mld) ! ) m, @)
1 1 N ﬂa ml r nlz N ml y I'l& 1
m' ) m' ) m () ! d)m ) ! (d,) my(d,)
1 1 N n& ml y "& y ml h -15 )

The probabilities in Tabie [ are conditioned on each hypothesis 1. { = 0, 1. ‘l'hus.elchni .} e 1.2 tn Table
I is a conditional probabtlity for 1 = 0, 1. Hence. the initial probability combining takes place among conditional
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probabilites only. Fort e 0, 1. each product term in Table [. ts & probability mass on the LRT coordtnate axis with
lb!ctulm,l(d)/ﬂfwb‘md'do-dx'dg' Evidence combining under each hypothesis is done from Tabie | by summing
the probabilities from Tuble | whose abecissae fall in specific intervals specified either by an optimization criterion,
or & certain destred performance. Hence. ford = d. d,. &, . ... dy. evidence combining under each hypothests H . { «
0. 1. is done according to the thresheld rule

\ \ m'd) mid )
m)(d,) my@ )~ dectsiond 1 b -

(] 0
m, (d] mz(dm)
where FJ 1s the decision region Ihnfavondeduoni. Thereyoml; may be determined 30 that a performance criterion
is optimized at the fusion (and possibly at the =snsors). For a singie binary hypothests. the decision reglons ai the
fusion are determined Ly stmpie thresholds. in which case the decision rule (2.23) simplifies w0

| \ m;(dl!m:l(d )

m ld)mid ) - decisiond ff t <«

1% "2 1) mOid,) mo(d_)
fordlk.m.lndj.'meleam&wduutnldsotmemhmwdmmmdﬂamldmmthnmmwm

risk function. If multiple hypotheses (more than two) are tested. the combining rule is extended 1o combine the belief
functions of the tndividual sources at the fusion and generate the new conditional belief functon under each hypothests.
The association of the new beltef function at the fusion with the set of admissible decisions must be done by usting the
multiple-hypotheses LRT (VTre '68), or another test that optimizes some performance measure. it must again be underiined
that the probabilities in the GEP combining rule need not be defined through Bayesian reasoning. but may very well
correspond to belief functions resulting from the D-S approach.

In the multiple hypotheses case, the conditional belief funcuon tn GEP becomes a multi-variable function of the

F X
3 f (2.2)

< t)‘l 2.3)

J dPd lHl!
W(Ak(d):- n ,k-1.2.....m-uwhethsvhenumbero{muonlnu:f\mon-yuem.ithe
jel ‘""j'"o’

deciston of the §-th sensor. and m the number of tested hypotheses. The evidence from the dL :rent sensors 13 combined

byfonwuu\ejomtpmb.bquauwuuonolunw-undetachhypouuuLe.bymumdl’u..»......Am_l [

Hk)‘ k= 1.2 ....J. For two sensors with independent decisions conditioned on each hypothesis, the corditional evidence
combining rule of GEP for three hypothests and soft decisions (fuzzy logic). can be implemented using Table II.
Table I Evidence combining rule for multipis hypotheses in GEP theory
W.(d..d.).h.(d..d.)lﬂk)

=dPiA (d. . d )IH MPA (d, . 4, )IH )

d . d) A L) NELd) -Exldm.(ﬁ)mkmwu&)

(. 0) A (0.0} A (0.0) dP(A. (0.0)1H,JdP(A, (0.0} 1H)

©. 1 PRV a1 dP(A. (0, 1)1 H, PIA, (0.1} 1H, )

©.2) A 0.2) ~ 02 dP(A. (0.2)1H, MPIA, (0.2)1H, )

(0. ovi) A ©.Ov1) A 0.OVL dP(A, (0.0v 1} 1L JdPIA, (0.0VI)IE, )

(0. ova) A (0.0v2) A (0.0v2) dP(A. (0.0v2) IH, JdPIA, (0.0v2) 1K)
(Ovi. 0} A (Ov1.0) As (Ov1,0) dPiA. (Wl.O)lHk)dP(A. (Ovl.O)lHk)
(ovi. 1) A (Ovl.]) A (Ov1.1) dP(A, (Ovl.lHHk)dPM. (ovl.l)lﬁk)
(ov1. 2) A (Ov1.2) A (Ov1.2) dP(A. (0v1.2)1H, JdP(A, (OV1.2)IH)
{Ovl. Ovl) A (OV1.0v]) A lOV10vD) dPiA lOvl.Ovl)lHk)dP(h. (Ovl.OVl)lHk)
(ov1. 0v2) A OV1.0v2) A OV1.0v2) dP(A. (Ov1.0v2) 1H JdP(A, (Ov1.OVZ)IH, )
(ov2. 1) A v2.1) A fov2.1) dP(A (V2. 1)H, AP, (OV2.1}1H, )

n
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Once all the entries (n Tabie Il are entered. the evidence is combtned by adding the probabilities from the
fourth column together when the corresponding abscissae. t.e. the pawrs (A, d. .d, ). A (d. .d, ) in the second and thud
columns. are identical.  Once the evidence from all sensors is combined using tables similar 1o Table [l. decisions are
associated with the combined evidence using rule (3.23) 5o that a desired performance criterion is optimized.

Thus. evidence combining at the fusion is done conditioned on each hypothesis separately. The evidence is then
assoctated with the admissible decisions unconditionally using & LRT or a test that optimizes some performance measure.
Notice that the set of dectsions need not be the same as the set of hypotheses. Thuas, evidenss combining and decision
making are understoed as separete concepts in the framework of the Geserslized Bvideace Combining Theory.

The generalizauon of the Bayesian (and N-P) theory by the GEP theory s straightforward. An interpretation 1s
probably required 1o establish the correspondence between GEP and D-S theortes. If the probabilitses P("k" 1 r}) e

1. 2. 3, are considered as (conditional) bpa's (basic probability assignments {Shaf ‘8]) tn the D-S theory for the k-th
sensor, k = 1, 2. .... N. under hypothests H].j = 0. 1. the evidence from the dtfferent sensors at the fusion 1s combined

using the conditional distribution of the LR under the different hypothesis according to Tabie | or lI. A new
(conditional) belief functon is genersted using the decision thresholds at the fusion. The (hard) decisions at the
sensors are used to simply produce a hard decision at the fusion. f needed. according to some opumality cntena. In
that respect. the GEP theory not only defines and processes the evidence according to an a-prion set of opumality
criteria. but also provides, if needed, lor optimized hard decisions both at the local {sensor} as well as global {fusion)
level. a capability which is not butlt-in the D-S theory (see Section 3).

The decision boundasies in GEP theory determine how evidence is associated with propositons at the fusion and

reflect the choice of the costs \v“. To demonstrate the effect that the semantic content of the local decisions has on

the global deciston (fusion). several experiments were conducted in Gausaian and slow-fading Rayleigh channels. The
following statistical mode! were assumed for the two channels.

Gauasian: Observation model at each sensor: r~ G{0.1) : H. . and r ~ G{s.1) : H, . where G{a.8) designates an
a mean and variance § Gaussian distribution. If PF is the operating false siarm probability, the assoctated threshold §

) Q'llP‘J. where Q( ) « 1 - & ) ts the cumulatve distrthution function (cdf) of the standard r.ormal. and 9'1 s 1ts

(1 0‘11 Fb

Rayleigh: Folse alarm probablisy: By, = (A(lscl] *': Detection probabiity: B, = (B,

where A i3 the threshold used. and ¢ the SNR at the sensor. In the single-level local logic Bayesian DDF with hard
decisions at the sensors and fusion. the probabilities at the sensors were generated assuming fixed false alarm
probabilities at the sensors equal to 0.05. For the multi-level local logic DDF. the ambiguous (soft or “fuzzy?
decisions were genecrated by considering a $20% uncertainty region about the thresholds that determine the decision
boundaries in the Bayesian case. The numerical resuits that are presented refer to the binary hypothests testing from
which the set of “soft” decistons consists of {d. = H, . d. = H, . d, = H.vH, |. Additional results for terary hypothesis
testing and arbitrary probabiiity assignments can be found in {Galu '90}.

[n a set of experiments. the performance of Bayesian DOF (t.e. GEP) with soft decisions at the local level and
hard decisions at the fusion was compared to Bayestan DDF with hard decisions both locally and at the fusion. Using the
"$20% uncertainty region” described above © generate the soft decision “H, or H, .” the Level Of Confidence (LOO). which
is equivalent to the (unconditional) probability of correct decision. was used for comparison. The LOC curves in Fig. 3
indicate that CEP outperforms Bayesian DDF with hard local decisions in all cases. The curvea were obtained by assumunga
fixed false alarm probability 0.08 at the sensors and 0.005 at the fusion.05. GEP outperforms hard-decision Bayesian DFF
{n both binary and ternary hypothests testing. in both Gaussian and siow-fading Rayleigh channels and for any number of
sensors. This does not come as a surprise if the decision set of GEP is thought of as the resuit of mulu-level
quantization of the data, and the quantization is done according to a semantically intuitive fashion.

3. Distributad Decision Fusion using Dempster-8hafer's Theory

The difference between the Bayesian and D-S theory lies on the type of information that each sensor transmits o
the fuston after processing the data locally. As it will become clear tn the sequel. if the propositons in the D-S
theory are identified with decisions in the GEP (Generalized Bayesian) theory. then there are no semanuc differences in
the frame of discernment between the two theories. The difference lies on that the probability assignment tn CEP sull
satisfies the Bayesian ruie. whereas the evidence assignment does not. Assuming that the number of hypotheses that are
tested is fixed and the number of decisions (or frame of discernment tn the D-S terminology) ts fixed. the output of the
local data processing ts a set of probabilities regarding the likelthood that the data have been generated by one of the

hypotheses or subset of hypotheses according to the frame of discernment. To that extend. the use of the term
decisions tn the D-S theory does not precisely reflect the output of the local processing. It ts more appropnate to
characterize the outcome of the local processing as evidence about a chosen set of proposition rather than decision
regarding a specific hypothesis or set of hypotheses. Thus. even {f the frame of discernment s kept common between

inverse.
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Bayestan and D-S approaches (by utllizing mult-leve! Bayesian logic). the mapping of the data tn the output of the local
processor is compietely different; the Bayesian processor maps each data o a partcular. single dectsion (integer-valued
scalar), whereas the D-S processor mape the same data to a set of probabilities {multdimensional real-valued vector}
associated with alldecisions in the frame of discemument. Hence. the communication requirements between Bayestan and D-S

processors and fusion are different. Assuming & frame of discernment consisting of & propositions. the communicaton 4
requirements for the Bayesian case (s 2logk (the bandwidth required to transmit one of k bits). whereas for the D-S ]
processor k analog outputs must be transmitted to the fusion. Thus. uniess the communication requirements for the two

approaches are made common. no direct comparison in the performance of the two schemes is meaningful. Stnce such a &

performance is beyond the objectives of this paper. we limit the discussion in the structure of the D-S DDF.
lnD-Stheocy.asetofnwmuyexdummdexhauwwpmpoauonuﬁ.xh..... u ts assumed toward which

evidence is being offered. To each proposttion. their disjunctions. and negations. a nonnegative number between zero and

one (or probability inass) is assigned. If A is an atomic proposition. a disjunctdon of propositions. or a negation cf a )
propositon, then a probabliity mass. m(Al. is assigned to A. The quantity m(A} is a measure of the beltef in proposition

A based on the evidence offered. 1f U designates the (rame of discermnment, then

ImAst 3.1)

AcU

with the rematning | - I m (A) mass attribute 0 ignorance. Assuming that (gnorance consttutes a separate proposition
AcU

and extending the set U 0 include this proposition. expression (3.1) holds as an equality. According to D-S theory. a »
support function is defined for single propostitions as

spt(u‘) - m(ul) (3.2)
and for more complex propositions as

sptil = I m(B) 3.3)

BCA

where "C” (ndtcates subset. The plausibility function is defined as »

plsiu) = 1 - spttu) (3.4)

where ;l indicates the negation of proposition Y- Alternatively, the plausibility functdon for a proposition u
obtained by summing the masses of all the disjunctions that contain u,. including ttself. t.e.
plstu) s I miA) (3.5) > ©
ue A
Hence. the support function is indicative of how much evidence ts offered in support of a given propositon by
all the propositions that relate o it. Furthermore. the plaustbility functon is indicatve of how. likely it is for a

g@ven proposition to have getierated the data
Evidence from different. and tndependent. sources defined over the same frame of discernment, is fused according

to Dempster's combining rule [Depm '68) ®
I m,(A)m (B )
AlB‘ - u‘ ! Al mg )
m(u‘)-mlomz- (3.6)
1- b4 ml( Ak) m.z( Ek)
AkB - ¢
m ®

where m, and m, designate the support (belief) functions from the two different sources of evidence defined over the same
frame of discernment. u s the proposition toward which evidence is sought. and "¢" is the empty set [Shaf 76|
Renormalization of the combined evidence in rule (3.6) ts required to reject evidence that corresponds to conflicting
prop« sitions. The D-S combining rule can be implemented in a tabular fashion that resembles that of GEP theory [Thom '89.
'90}. To dlustrate the mechanical similarities that exist between the Dempster's combining rule and the GEP DDF. ®
consider a stmple binary hypothests testing problem. If the frame of discernment is defined as {w, =H..u, sH . u, = H,
or H, }. with u, indicating the inability to associate evidence from the data with a definite hypothesis. the Dempster's

combining rule for two sensors can be impicmented using Table IIl. In Table IlI. k designates cvidence associated with
conflicting propositions which is used as normalizing factor in (3.6 ). The combined evidence is calculated by summing
all the product terms from Table [ that result to the same intersection proposition. and normaltzing the result .In
multiple-source evidence combining, rule (3.6) is repeated sequencially until the evidence from all sources ts exhausted. °
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Table Il Dempeter's Combluning Rule

3 n;(u. } m;(u. ) ué(u. )
Sl
m () miu, Jsm, () my (w ) kem, (w) m, (u.) miu, J=my () m, (u)
m, () kem, (u, ) m,(w) miu, Jem, (u Jm, (u. ) miu Jem W) m, ()
m, (4} miu, Jem, (u, Yy (. ) miu, Jem, (u )my () miu, Jemy (u, ) m, (u)

The difference between tnhe D-S and Bayestian theory is that the probability assignmenta for the ;ropositions in
the frame of discernment of the D-S theory do not satisfy the fundamental axiom of (Bayesian) probability. namely

P(A+B) = P(A) « P(B) - P(AB) (3.7
In the D-S context. the proposition A+B is viewed as a separate entity in the frame of discernment and can be assigned an
arbitrary probability mass. Still all the probabiiity assignments in the D-S theory must add up to onc or some positive
quantity less than one. with the remaining probability mass to add dp to one attributed to total ignorance [Shal '76]. A
correspondence between the propositions as defined in the D-S theory and the decisions as defined in the mult-level logic
Bayestan theory can be established if the decistons of the muiti-level logic Bayesian framework are identified with the
proposttions in the D-S [rame of discernment. Once this correspondence is established the fusion performance under the
two approsches can be studied under common communication constraints. By disassociating decisions from the hypotheses
under test. the Generalized Evidence Processing (GEP) provides a semantically common framework within which the N-Pand
D-S DDF approaches can be compared under common communication constraints.

Due o the a.Jerence in the way evidence is generated in Bayestan (N-P) and D-S theory. an unconditional
performance comparison between the two theories is not. in general. fcasible. Since tn a lot of practdcal applications
the performance of a decision making system is determined by fixing the false alarm probability and maximizing the
detection probability at the fusion. it is meaningful to compare the Bayestan and D-S approach based on an N-P critenon.
In order to make the comparison possible. we assume that the basic probability asstignment of the D-S DDF at the local
level i3 determined using the likelthood function, t.e. we assume that

mialr) = Plalr) (3.8}
where a designates a proposition towards which evidence is provided. and r the observations. Even when the bpa s
resolved at the local level. the dectsion rule at the fusion after the local evidence s combined remains undeterrmuned.
In order to keep the decision rule in a D-S context while maintaining a basis for comparison with the Bayestan DDF. the

- decision rule that will be used jor the D-S DDF wiil assign the data to the proposition that has the highest support

caa
-

among all propositions tn the frame of discernment that correspond to definite hypotheses. Le.
d(r) :» d‘(r) : max adp(d‘) and c.'l1 - Hl' { over all single hypothesis propositions (3.9
1
With the above assumptions, we prove the following theorem.

Theorem 1 Assume that the objective of the fusion is to maximize the detection probability after fusion for
fixed faise alarm probabiiity. Let the cbservations of the local sensors be independent from each other conditioned on
each hypothesis. Let the bpa for the D-8 DDF be determined by the likeithood function (3.8} at the local level. If the
fusion rule ts the rule (3.9) above, then:

(a) if the local frame of discernment coincides with the hypotheses under test. 1.e. no unions of hypotheses are
used as basic propositions, the performance of the D-S DDF is the same as the centralized N-P (Bayesian) fusion.

) if compound-hypotheses propositions are allowed in the local bpa. then the performance of the D-S DDF 1s always
inferior to the centralized N-P fusion and the distributed N-P fusion for the same communication overhead.

Preaf We prove the theorem for the case of two sensors and binary hypotheses testing. A generalizaton of the
proof. although notationally tnvolved. does not present any conceptual dificuities and as such is omitted.

Part (a) According to the assumptions of the theorem. the bpa is

mﬂi‘):-Pr(Hllr)-(pﬁrIHl)Pr(H‘)l/p(rl:1-0.1 (3.10)
and so the D-S requirement

m{H,) e mH, )= (3.11)
is satisfied. Using the Dempster's combining rule () for two sensors. we obtain

supH Je (m H )@ H,)1 /[ 1-m' (H )Jm' H,) -m' H o' (H,) ) 312
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where the division is the result of renormalization due to the extstence of conflicting evidence mass after fusion. and

the superscripts identify the sensors. A stmilar expression is obtained for the H, hypothests f the indexes in () are
switched. The proposed decision rule (3.9} translates to

H,
sup(H.)/wp(H.);‘t 3.13)
were t is some threshold to be determined. Taking into account that for this particular case the D-S rule yields
supH) = m(H) (3.14)
and using expression (3.3). the D-S decision rule gives after some elementary algebra
Hl
(p(r. 1H, Jp(r 1H, )} / (pir, IH, Jpir, IH, )} ; t (3.15a)
or
HI
{p(r H, Jpir, IH.)] / {plr. 1H, )plr, 1H. ) ;. t (3.15b)
or
H.
(p(r. 1H.)/plr, 1K) (plr. IH.) / pir, m.n; t (3.15¢)
or )
H,
{plr. 'H. Jp(r, 1H.) - t plr. 1H, Jp(r, lH.)l; o (3.15d)

whlchupmciaelythcemtnhdB-yeunnN-Pteat..‘l'hus.t.heperformnceof!heD-SDDFtnt.hhanuldenumlm
the optimal centralized Bayestan DDF for the same false alarm probability at the fuston.

Part () In the binary hypotheses testing case the only compound proposition in the frame of discernment s {H.
or H, ). If we assume. without loss of generality, that the bpa for the three propositions is done by subtracting an equal
amount of probability from the two propositions that correspond to the definite hypotheses and associating it with the
compound proposition. the following bpa results

ln'(H.)-Pr(H. "t)' c(r‘)lz

mH.) = PriH, 17) - elr)/2 (3.16)

m‘(H. orH )= c(r‘) -
whemmepmbabmtymdx')unbednudependem. Using the Dempster's combining rule to fuse the evidence and

suppressing the explicit dependence of ¢, on the data for notational stmplicity, we obtain the following expressions for

the support function regarding the two hypotheses.
sup(H.) = (m (Ho)m (He) ¢ 1/2{e. on (Ho) ¢ ¢, iy (Ho )] - 3¢, ¢, /4 | / [ ] - conflicting evidence ] (3.17a)

sup(H, )= (m (H, Jon (H. ) ¢ 1/2le, m, (H, ) + ¢, m, (H, )] - 3¢, ¢, /4 1 / [ ] - conflicting evidence ) (3.170)
from which the assumed decision rule

H,
supH, ) / lup(H.);. t (3.18)
ytelds
[plr. IH, Jp(r, 1H,) - tplr. IH, )p(r, IH,)}
H,
+ 1/2( (¢, plr, 1H, )oe, plr, 1H, )] - tiplr. IH, Joplr, IH.)H;. 3¢, ¢, /41 1-t] (3.19)

By comparing the decision rule (3.19) with the opumal N-P test rule (3.15d). it 1s seen that the first term in
brackets in the lef side of (3.19) is identical to the term in the left side of (3.15d). Since the deciston rule (3.15d)
is the optimal decision rule in the N-P sense. rule (3.19) would achteve optimal performance {f and only {f the rest of
the terms in {3.19) could be made identically equal 10 zero for a fixed threshold t However. even with data dependent
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bpmw:'(ﬂ.thhumtpoulbhmmn?. Thus. the performance of the D-S DDF i inferior to the optimal

centralized N-P fusion. Purthermore. since the performance of the distributed N-P dectaton fusion can be arbitrarily
close 0 the optimal centrulised one {TVB '87. Thom '90) by stnply including some additional quality information bits
along with the dectsions or by increasing the number of quantization levels. the performance of the N-P DDF is always
supertor 0 the performance of the D-8 DDF for a lesser amount of communication requirements. Notice that in the D-S
cither the data itaslf has W be transmitted from the sensors o the fusion (which 1s the most efiicient way). or the bpas
must be transmitted thus making the communication requirements proportional to the number of propositions in the frame of
discernment. (Clearly. a quantised version of the data or bpas can be ransmitied resulting in reduction of communication
requirements and performance as well. )

The above arguments extend easlly © multiple sensor case. ‘numnlw“unhelundbdm
a stmilar way as the two hypothesis case. only the expressions become more complicated.

bmﬂnmdcﬂwb-smmmﬂz33“(3.6)mpecuvely.the
following expertment was conducted. Numerical resuits have been obtatned for binary and temary hypothesis testing, and
for distribution based as well as arbitrary bpa's. However. due to limited space. results from the binary hypothesis
testing will be presented only. For additional results. the reade: is referred 1 [Galu ‘90 and Ga ‘90]. The binary
hypothests testing resuits will be presented first. For GEP. conditional probabilities at the fusion center were obtained
in the sams manner as in previously discussed stmuiations. The conditional probabilities at the sensor. from the GEP
stmulation. were used as the original probability asstgnments at the sensor for the D-8 theory simulation. Conditional
probability masses were calculated at the fusion using Dempster's combining rule. The conditional probebilities from GEP
and the conditional probability masses from D-S theory were then used to calculate conditional plausibility according to
(3.5). The resuits were obtained for a false alarm probability of .08 at the sensor and .008 st fusion.

Figures 4 and S display results for Gaussian and Rayleigh distributed signals respectively. Both graphs show
the plausibility conditioned on hypothesis H for five and ten sensors. To compare the two combining rules for

consistency, we define the crossover point as the SNR level above which the plaustbility for the correct hypothesis. H .
becomes greater than that for the incorrect hypothesis. H . Observe that for both the five and ten sensor cases the

crossover point occurs at a lower SNR for GEP than for D-S theory. So GEP works correctly for a wider range of SNR than
does D-S theory. Also notice the behavior as the number of sensors increases from five to ten. For GEP the crossover
point moves to lower SNR while for D-S theory it does not move at all. This indicates that we can improve the performance
of GEP by increasing the number of sensors. which is a very desirable feature. The performance of D-S theory. on the
other hand does not improve when the number of sensors increases.

Figures 6, 7 show unconditional plausibility plots for the Gaussian and Rayleigh cases. More specifically they
show the unconditional plausibility for the correct and incorrect hypotheses. Once again the results are shown for both
five and ten sensors. We see that for all cases the plausibility for the correct hypothesis ts higher at lower SNR for
GEP than that for D-S theory. The separaton between plausibility for correct and incorrect hypotheses is much clearer
for GEP. In fact at very low SNR D-8 theory fails to separate the plausibility for the correct hypothesis from that of
the incorrect.

Conclusions

The two major evidence processing theories. namely Bayesian and Dempster-Shafer's. are presented as applied to
the problem of Distributed Decision or Evidence Fusion. Some of the fundamental results in Bayestan and Neyman-Pearson
DDF are presented. It is shown that a generalization of the Bayesian DDF using muiti-level logic at the local processor
can provide a framework that aliows comparison of the performance of the Bayesian and D-S DDF's under certain conditions.
To that extend. a theorem s developed that shows that if the objective is % maximize the detection probability at the
fuston for fixed false alarm probability, the Bayesian DDD outperforms the D-S DDF when mult-level logic is used locally.
i.c. at the sensors.
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OBJECT TRACKING FROM IMAGE SEQUENCES USING STEREC CAMERA AMD RANGE RADAR

1,2
Stelics C. A. Thomopoulos and Laxs Nillsoa

Information Processing and Intelligent Systems (IPIS) Laboratory
Department of Electrical Engineering
Southern Illinois Univexsity
Carbondale, IL 62901

Abstract - The problem of estimating the position of and tracking an object
undergoing 3-D translational and rotational motion using passive and active
sensors is considered. The passive sensor used in this study is a sterec
camera, whereas the active is a range radar. Three different estimation
approaches are considered. The first involves estimation of the object
position by direct registration of sterec images. In the second approach, the
Extended Kalman Filter is used for estimation with measurements the stereo
images. In the third approach, an integral filter based on sterec images and
range radar measurements is used for tracking. The three different approaches
are compared via simulation in the tracking of an object undergoing a 3-D
wotion with random translational and angular accelaration.

1. INTRODUCTION

Object positionning and tracking using data from passive sensors, such as
cameras, infrared (IR) sensors, etc, is a common problem in robotics,
automated manifacturing, space navigation, and surveillance. However, in
order to be able to track an object undergeing 3-D motion using camera images
one must recover depth, a missing dimension from a 2-D image. Hence, in order
to retrieve the position of an object in the 3-D space a means to recover
depth is necessary. 1In this study we assume that stereo vision (2] is used at
first to enable the recovery of the depth from a sequence of "stereo” images.
A problem associated with the use of stereo images ia the matching of pixels
from right and left images with the correct points on the object. In order
to measure the depth of a point on a 3-D object, a point on the right image
must be matched with a point on the left image screen. A matching algorithm
which is a modification to the algorithm introduced in (5] was used for
registration. Using the stereo camera images, the position and the velocity of
an object were estimated using two different methods; f£irst, by direct
registration of the stereo images: and second, using an Extended Kalman
Filter. [Earlier work on the use of the Kalman Filter for object tracking
includes that (4]. However, in (4], a single camera was used to estimate the
position of an object undergoing pure translational motion with depth assumed
to be constan: and known.

The noise associated with the observations on the image screens has to ba
filtered out in order to achieve accurate estimates of the position and the
velocity of the object. The transformation equations from 3-D to 2-D

1
Research sponsored by SDIO/IST and managed by ONR, Contract N00014-86k-051S%
Currently with: Dept. of Electr. Engr., Penn State Univ., Univ. Park, PA 16802
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intzoduce nonlinearities in the observation model and thus the Extended
Kalaman Filter (EKF) that allows for nonlinearities in the estimation model
must be used. In order to improve the accuracy of the position estimates,
the optic flow (3] was initially used along with the position on the
image screen as additional measurement. The use of the optic flow, however,
did not seem to improve the performance of the estimation. Consequently, we
decided to omit the optic flow from cur analysis. 1Instead, we decided to
use an additional active sensor to improve the accuracy of the tracker.
Thus, a range radar was used to estimate the object depth separately. The
depth estimate was combined with the stereo camera images using an EKF to
estimate the object position and velocity in the other directions.

2. ESTIMATION BASED OM DIRECT REGISTRATION OF STEREO IMAGES
2.1 The Matching Algorithm

Given the stereo camers setup, Fig. 1.1, with 2d the distance between the
tWQ cameras (assumed known), and £ the camezas focal length, the
transformation from a 3-D point with coordinates (x, y, z) to the left image
peint (x’,y’) and the right image point (x",y") is given by (2]

f (x-d) £ (x+d) ty
X' = ’ X" = —— y =y*" = (2.1)
f-z t-z f-2z
From the right and left images the depth z can be recovered using (2.2)
2df¢
2o f - —— (2.2)
x"~x’

In order to recover the depth from (2.2), the pixels from the right and
left images, Fig. 2.1, must be registered first correctly. In order to
register the two stereo images, a point from the object must be matched with a
point on each one of the two images. A matching algorithm, similar to the one
introduced in (5], is used to find the most likely match between points on the
right and left images. The algorithm is based on two assumptions: 1) each
point in an image can only have one depth value; and 2) a point is very likely
to have a depth value near the values of its neighbors. The slightly modified
version of the algorithm (1] is given by

Cnsl(x,y,d)mg ) Cn(x’,y',d’')=€ ) Cn(x’',y’,d" ' +8CO(x’,y’,d") (2.3)
x',y.d' € S$ %,y .d' € 0

where S corresponds to the excitatory region and O corresponds to the
inhibitory region. The constants ¢, €, and B are arbitrary design parameters.
The function C is given a value of one if a specified threshold is exceeded
and a zero otherwise. The sigmoid
exp(nx) - exp(-nx)
sigm(x) = (2.4)
exp (nx) + exp(-nx)

is used to smooth out the thresholded output. The excitatory and the
inhibitory regions are illustrated in Figure 2.2. The eight excitatory points
have the same depth as the point of interest. If some of the inhibitory
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points are on this will tend to keep the point of interest turned off, since
only one depth value can pe assigned to a point. Another important assumption
in this matching algorithm is that both cameras are able to see the exact same
pazt of the object. This means that there are no points on the object that
are seen by only one of the two cameras.

2.2 Model of Translational Motion

In order to test the ability of the mathcing algorithm (2.3) to estimate
the position of an object undergoing 3-D translational motion, a sequence of
stereo image. were generated using the model of a random accelerating object.
The continu..a-time dynamics of the object with random acceleration are
described by the state equation

' L r - o -

z{t) = x(t) + wi(t) , where z=- Vy (2.5)

cooocoo
- -
cocoocoo
cocooroOO
cocoo0coo
oroocoo
- O rHorOo
|<

! | [ [
is the state vector, and w(t) is uncorrelated,zeromean,white, gaussian
noise with covarariance q(t)d(t-t), with q(t) 2 0 for all t.

Notice that the dynamical model (2.5) is chosen to be unstable,
constituting a worst case testing paradigm. Using (2.5) and the 3-D to 2-D
projection equations (2.1) a sequence of images were generated, from which the
position of the object was estimated using the matching algorithm (2.3).

2.4 Simulation

The model (2.5) was used to describe the 3-D motion of a flat thin
surface that was used as the object in the simulation. The transformation
equations (2.1), (2.2) were used to transform the position of the four corners
of the object into pixels on the two image screens. All pixels on the two
image screens located inside the four corner points were also turned on. The
resulting two image screens were then fed into a matching algorithm (2.3) in
order to match points on the two images. The matched pixels were then used to
get an estimate of the depth of the object using (2.2).

The distance between the two cameras was set to be 8 meters so that the
right and the left images were considerably different. The focal length, ¢,
was 0.5 meters. The two cameras were assumed to be moving in order to be able
to "see” the object at all times. The cameras move to the most recently
estimated (x,y) location of the object between two consecutive images. The
campras are not moving in the z direction. Both images have a resolution of
16x16 pixels. 7The estimation errors in the x-direction are shown in Fig. 3.1.
The gstimate in the 2z direction (not shown) were clearly the most inaccurate.
The main reason for the poor z estimate is the low resolution. The
denominator of the z expression is especially affected by the resolutien,
since it depends on the difference between the two x estimates. Seeking
improved position estimates, the extended Kalman Filter is considsred next.
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3. ESTIMATION BASED OM EXTEMDED KALMAM FILTRR AMD STEREO CAMERA

The position and the velocity of the object are estimated given the
observations of the location of the object on the two image screens. The
observations are assumed to be noisy. The noise is introduced from
inaccurate readings of the image screen as well as from low image
resolution. The nonlinear transformation equations (2.1), (2.2) suggest the
use of the Extended Kalman Filter (EKF) (7). The dynamical model and the
state vector are given by (2.9) and (2.10) respectively. The observation
model for the EKF was obtained from the transformation equations (2.1),
(2.2) by adding noise to account for the measurement noise at the camera and
errors in the registration of the images. The EKF measurement vector is

gi(x(t)+d) / (f-2(t))
Ly(t) / (f-z(t))

g(t) = f(x(t)-d) / (£-z(t)) + wvit) (3.1)
fy(t) / (f-z(t))

where wv(t) is uncorrelated, zero mean, white gaussian, noise with covariance
r(t)d(t-1), with r(t) 20 for all t., The initial conditions for the state
vector are taken to be gaussian wich mean =(0) and positive definite
covariance matrix P(0). In (3.1}, £ is again the focal length and 2d the
separation between the two cameras. Assuming constant acceleration duzing the
sampling interval, the discrete time system is obtained from (2.5):

Process Model Obsezvation Modal
1T0000O0
010000 £lx +d) / (f-z )
001700 ty / (f-2)
x - 000100 = + w z - Yy K v
* 00001T f(x =d) / (£-z)
Looaoozj ty, / (t-z) (3.2)

where T corresponds to the sampling time. The noise covariance matrices for
v, and % respectively are given by (3.3). For the EKF equations see [9].

. -
] 3
> 0 0 0 0
4 3
T P
= 3 0 0 0 0 /T O 0 0
T‘ TP 0 1/T O 0
Q= 0 4] -+ 3 0 0 R= 0 0 /T O (3.3)
3 12 0o 0 o0 1i/T
T
0 0 == = 0 0
3 2
7
0 0 0 0 e o
4 3
P 7
| 90 0 0 5
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3.2 Simulation

Using the discrete time equations (3.2) through (3.5), the object position
and velocity were estimated using the EKF, [l], (7], (9). 1In order to prevent
the object from moving out of the field of view of the stereo camera, the
camera wis assumed to track the object using the estimated velocity in the x,y
directions. In the simulation, a focal length of 0.5 meter, a sampling time
of 1.0 seconds, and a spacing between the two cameras of 0.1 meter were used.
Assuming that the z-coordinate of the object was initailly -500 meters, the
initial field of view is 100m wide, (9). The fields of view of the two cameras
are fairly narrow due to the large focal lengths. The sampling time of 1.0
second implies that images from the two cameras are available every second. A
shorter sampling time will increase the performance of the filter, but since
the processing of the images takes considerable computation time, a trade off
has to be made. The sampling time is therefore set to be 1.0 second.

The observations are generated by the transformation equation from 3-D to
2-D using (3.1). It is acsumed that the points from the right and the left
image have been matched praeviously. The filter is run for 300 iterations and
the state error along with the diagonal elements of the error covariance
matrix , ind: -cated as “camers model,” are plotted and shown in Figures
4.1-4.5. The parameters q and r are constants that multiply the covariance
matrices Q and R respectively. Note that the error in the velocity estimates
is very small while the position error grows occasionaly before returning hHack
to an acceptable range. The estimate in the z direction is the most
inaccurate. This is due to the nonlinear transformation equations. The
inaccuracy in z affects the other pusition components as well. The resulting
estimation errors are fairly large and biased.

Since the z term introduces large errors in the estimation, the filter was
run with fixed z and V: in order to observe the difference in the estimacion
error. The resulting state errors and diagonal error covariance elements are
shown in Fig.s 4.6-4.7. Notice how all the error covariance elements reach a
specific value. The state errors are considerably smaller in this case. In
addition, the state errors average out to zero.

The effect of the nonlinearities in the observation equation (3.2) can be
studied by considering the Taylor’'s series expansion of the h vector in the
EKF given by

Bz = hi@® + D= - H+ uwo.T. (3.4)
where h and H have been defined previously and H.0.T. corresponds to higher
order terms. The higher order terms are neglected in the filter. The

approximacion error that is made from neglecting the H.0.T. in (3.4) can
subsequently be estimated. The nonlinearity in the observation equations
{3.1) comes mainly from the z term in the denominator. Using (3.4), the
nonlinearity in the denominator of the obsezvation equations can be
approximated by
1 1 1 A
- ~ + N (z - 2) + error (3.5)
f -z £ -2 (€ - 2)
from which an approximate expression of the expected approximation error is
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obtained (1)

- ?_,
E {error] = ® ———— (3.6)
(£ - -232 £ -5H°

(3.6) gives an expression for the error made in the approximation of h(x) by
the linear terms in (3.4). The error is plotted and shown in Fig. 4.8. The
error is relatively small but introduces a bias on the state estimates.
4. DEPTR ESTIMATION THROUGE A RANGE RADAR

The model in section 3.1 produces inaccurate estimates of the object
position and velocity. The estimation error in the z direction is especially
inaccurace. It was seen in section 3.2 that the estimates can be greatly
improved if the depth z were known precisely. The estimate obtained from the
stere0 camera could improve if accurate estimates of the depth z wvere
available. A range radar is used to estimate the depth of the object
separately. Once the depth is estimated, the estimate is fed to the camera
filter to estimate the x, y components. The range radar is introduced in
section 4.1 and the integration of the range radar filter and the camera
gilcer is presented in section 4.2.
4.1 The Range Radar Filter

The range radar measures the distance (range) R to an object, along with
two associated angles, the azimuth 7, and the elevation ¢ (8], [9). Using
polar coordinates allows us to perform tracking in the system from which the
measurements are obtained. The transformation between the polar coordinates
(R,n,¢) and the Cartesian coordinate system (x,y,z) used in the camera model
can be found in ([8), (9]. The range radar filter is a coupled filter
containing a range part along with an angle part. The angle filter consists
of two individual filters for the two angles. The state vectors are given as
follows

R n €
8n - VR ; ‘“ = VH : xv - w (4.1)

The flow chart for the processing of this coupled filter is shown in Fig. S5.1.
The system models are given by

‘a - ’n‘n + 'a : v - N(O,QR) (4.2a)
:H - 'u‘u + wﬂ H v N(O.QH) (4.2b)
x = ov:v + 'v ; v, - N(O,Qv) (4.2¢)

where the sampling index has been suppressed for simplicity. The
measurement models are of the following form

s, = l'x“s,t + 'n : A - N(O,RR) (4.3a)
g - thH + v : v - N(O,RH) (4.3b)
lv - hvxv + 'v : v, - N(O,Rv) (4.3¢)

The transition matrices are defined as
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where 2 2 vT
wp = vn * vv C =1 -~ —IZ—R R = Rcose (4.5)
R
The observation matrices, ¢ ' vh . are constructed based on that all the
entries in the three state vectors are observable. The matrices are given by
1 0
h =h = - (4.8)
L .

The error covariance matrices for the model and the observation noise have the
following structure (8):

Wi | —:-'°
Q=0 = 2? 83 R =RTR" 0 L (4.9)
T 2_ T
8 3

The linear Kalman filter (7] is used to estimate R, 7, and ¢. The transition
marrices are updated of the beginning of each iteration. The estimates of R,

A ~

N, and ¢ are used to generate the depth estimate according to z = Rcosncosc.
4.2 The Integrated Filter

The estimate of the depth obtained by the radar filter is used in the
camera filter to help estimate the x and y coordinates. The integration of
the two filters is illustrated in Fig. S.1. It is assumed that the target
motion can be accurately modeled as the motion of a randomly accelerating
object. The actual data in the zange radar filter is generated from the
actual model through the transformation equations (4.3). However, in the
range radar filter, it is assumed that the data is generated by a target
undergoing a random maneuver during the interval between the 70th and the 30th
time step. Thus, an intentional mismatch between the actual model and the
perceived range radar model is introduced to test the robustness of the range
radar filter and the integrated filter, (9]. The estimate of the depth is used
in the transformation equations in the camera filter where it is treated as a
constant. Thus, the resulting Kalman filter is linear. The cameras are
moving as described in section 2.4. The object motion is strictly
translational. The rotational motion is covered in section 4.5.

4.3 Simulation

The integrated filter in the previous section was simulated with the
following parameters: T=1.0, £=0.5, d=0.1, q=0.01 (for camera filter),q=0.1
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{for range filter), r = 0.0068 (for range radar filter),r= 0.01 (for camera
filter and angle filters), T 100 (maneuver time constant in range radar),

cm = 1.0 (maneuver standard deviation).

The choice of a lower r for the range radar is based on the assumption
that observations in this case are fairly accurate. The range radar filter
assumes that the object maneuvers in the interval between 70 and 90
iterations. The parameters that are associated with this maneuvering is given
above. The resulting estimate errors and the related error covariance
elements are shown in Fig.s 4.1-4.5. Comparing these figures to the figures in
section 3 it is easily seen that the errors are reduced. The errors average
to zero as in the fixed z case in section 3. The elements of the error
covariance matrices behave better as well. The error covariance elements for
the range radar are reinitialized when the Jdifference between an element in
two consecutive iterations is smaller that 0.001. Note how the errors are
decreased every time a reinitializing occurs.

4.4 Estimation Based on Mono Camera

Since the depth in the integral filter is estimated with measurements from
the range radar, the use of the stereo camera seems redundant. Comparison of
the x- direction estimates, similarly in the other directions, obtained with a
mono camera, Fig.s 5.3-5.4, with their stereo camera counterparts, indicates
that the estimation errors and the error covariances are higher in the mono
camezra case. The use of a sterec camera is therefore justified.

4.5 Rotational Object Motion

The previous models have assumed that the object moves with only
translational motion. Naturally an object very rarely moves with zero
rotational velocity. In this section rotational object motion is introduced.

Initially the rotational velocity is assumed to be known and constant.
The rotation is taken into account in a modified model of (2.5). The
observation equations remain the same. The z and zvel estimates are fed into
the camera filter from the range radar and will be treated as inputs in the
camera u&odol. The :esulti?q disc.nr.e mosicl is t.hon. given by

T-wzT 0 0 wyT O
0-wsT O 0 wyT
0 0 0 0 0
ol T :x + |=wxT O z , +
0 Q=wxT Vi
0 0 o x
L o L 4 L o

]
[}
oos o o
-3
os Cor o
000 p o
COOKMHO
~ro0o00O0
)

wx
]

where (Wx,Wwy,Wwz) are the known constant angular velocity. The covariance
matrix Qu of the noise Wk is given by

o O r
oo

qAT 0
Qv = 0 qAT (4.11)
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The atate vector x is given by
. -
x
Vx
Ve, x
E ) y (4.12)
Vy
Ve, y

- L

The covariance Q that is used in cthe filter equations is given by

. . - .
0 0 ¢6 0 o0 o0 o O
1 0 0 qAT qAT 0 0 O
1 0 0 1 10 O O 0 QAT QAT O 0 O

Q=0 0|]Qw]O O 0 0 1 1]=}0 0 0 0 0 O
0 1 0 0 0 0 gAT gAT (4.13)
0 1 0 0 0 0 gqAT qAT

The range radar model is the same as befors since it already incorporates
constant angular velocities. The above model was simulated with essentially
the same parameters as in the translational case. The sampling time was 1.0
second and q was set to 0.0l1. The angular velocities were all set to 0.011
rad/sec. The resulting estimation erxrors and the corresponding exror
covariances are shown in Fig.s 5.5-5.6. The estimation errors in the position
are basically the same as they were for the purely translational case, whereas
the velocity estimates are worse.

Next we consider the case of random angular acceleration. The angular
velocities cannot be treated as constants in this case. Both the camera
filter and the range radar filter have to be modified. In order to avoid
additional nonlinearities in the camera filter, the angular velocities are
estimated in the range radar and fed into the camera filter jusat like the

estimates for z and zvel are. The augmented state vectors in the range radar
are given by

R n €
vr Vi w

x - w | == W x = w (4.14)
R wi w

where (wm,wd,w) is the angular velocity. The system models are given by

z = len+ v W N(O.Ql) (4.15a)
z - 0"1 + WV RT + v, 2 N(O.Qa) (4.15b)
’v - .v'v - Wi RT + 'v ; vv - N(O,Qv) (4.15¢)

The state transition matrices are defined by
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where all the parameters have been defined previously.
matrices for the model noise have the following structure

xhl

where (Wx,wy,wz) and (&u,éw,fu) are estimated in the range rzadar filter
the use of the transformations in Appendix B in (1),
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The model deacribed above was simulated.

used.

selected as follows:

(R, i, wv) = (0.01,0.01,0.01) (wr,wH,wv) = (0.001,0.001,0.001)

)

o

-

(91.
The parameters in (4.11)
The initial values for the rotational state vector entries

T

1

L

(4.16a)

(4.16b)

The ezror covariance

OO rHo

- rOoOOoOO0Oo

(4.17)

wx,

"yk
(4.18)
with,

were
werrs

(4.19)

The resulting estimation erzors and the corresponding error covariances
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for the object position in the x-direction are shown in Fig.s 5.7-5.8. The
errors are close to previous results. Figures of the estimates in the other
directions and in the associated velocities can be found in (1], and [9).
The overall performance of the filter degrades when the angular velocity
chances randomly as expected.

CONCLUSION

Three different approaches for estimating the position of and tracking an
cbject undergoing 3-D transaltional and rotational motion were considered.
One approach involved a stereo camera and position estimation directly from
sterec image registration. The second approach involved a stereo cameza and
use of an Extended Kalman Filter (EKF) for position and velocity estimation.
In the third approach, a range radar was used to estimate the depth from
separate measurements. The depth estimate was subsequently used in an EKF to
recover the object position and velocity (both translational and angular) from
a sequence of stereo images. Numerical comparison of the three approaches via
simulation indicates that the range radar ~ EKF integral filter is superior to
the other two approaches, Fig.s 4.1-4.5. Furthermore, the integral filter can
track successfully objects undergoing 3-D translational and rotational motion.
From the simulation results is seen that the effects of random rotation are
more visible in the velocity estimates {1l], (9]. The position estimates were
very closed to those obtained in the purely translational motion case. The
performance is, therefore, not affected by the random angular accelaration,
except for the estimates of the compound velocities.
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DIGNET: A Self-Organizing Neurai Network for -\utomatic Pattern Recognition. Classification
and Data Fusion

Stelios C. .\. Tlomopouios * Dimitrios k. Bougouiias *
Decision and Control Svstems Laboratory
Department of Elecinical & Computer Eagineenng Department of Electncai Enginesenag
The Pennsvivania State Universaty Uaivermty of Southern illinois
Universaty Park. PA 16802 Carbondale. I 62901
Abstract

DIGNET is a seif-orgamining aruficial neural aetwork | ANN) thas exhibits deterministicallv reliable bekavior
10 noise interference. when the noise does not exceed a pre-specified level of tolerance. The complemsty of the
ptopased ANN. in terms of neuron requitements versus stored patteras. iacreases lineativ with the number of
-tored patterns and their dimensionaiitv. [he seif-organization of the DIGNFT is based on the idea of competiuive
senerauon and elimination of attraccion wells in the pattern space. DIGNET is used for Patters Recogaition aad
Classification and for Signal Detection and Fusion. Analytical and numencal resuits are inciuded.

1 Introduction

Most artificial NN's (ANN's) that are used in the literature for pattern recognition and classification requure that
the patterns that are stored and recognized be orthogonai with each other ({1], (2], [3]. (4). [3]. {6]. [7]). Furthermore.
they are usually vuinerable to noise interference. in the sense that a usually smail deviation from the orthogonality
assumption renders them unstable. For a viable neural-based solution to the recognition/classification probiem 1n
the presence of noise. the artificial neural network must be designed so that it is. by demgn and not by incident.
robust to prespecified noise margins. DIGNET. the artificial neural network that we propose for automatic pattern
recognition and classification, signal detection and distnbuved data fusion. reflects this philosophy.

2 Proposed Artificial Neural Network Architecture

[deally. the input-output characteristic of an ANN that 1s used for pattern recognition and clasmiicauion in
cluttered noise should resemble that of Fig. 1. In Fig. 1. the horizontal curves represent ~attraction wells” arouna
the stored patterns. If the stored patterns are identified with equilibrium points of the ANN dynanucs. then the
attracuion wells of Fig. | represent attraction regions around these points in a multidimensional space. Thus. if the
noise 1s 1denuified as a percentage disturbance of the stored patterns. the attraction wells represent hyperspheres of
predetermined radius around the patterns. So. if the ANN is presented with a distorted pattern that lies in one of
these attraction regions, correct recogaition (and classification) will be guaranteed from the convergence of the ANN
to the correct equilibrium point. If. on the other hand. the ANN is initially presented with a pattern that lies outside
any of the attraction regions. a new attraction weil wiil be created and the ANN will converge to the unknown pattern
as it should. Thus, an ANN with the charactenstic of Fig. 1 exhibits learning capabilities. since new patterns can be
stored by extending the attraction points of the operating charactetistic in Fig. 1. Furthermore. the noise tolerance
of the ANN can be changed by modifying the ~width” of the attraction weils. Dignet dynamucally realizes the ideal
charactenistic of Fig. 1.

3 Directors and the unity hypersphere
In linear system theory eigenvectors have only meaning as directions. their magnitude being undetermined. Any
vector that lies in the direction of an eigeavector of the system is also an eigenvector independent of its magaitude.

* This reseasch was partially supported by SDIOT/IST and managed by the office of Naval Research under contract NOOO14-K-031S.
"Presemtly with the Greek Air Fores and with QUALITY Imports/Exportss. [nc.. Athens. Greecs.
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Figure 1: Ideal charactenstic of ANN for Automatic Pattern Recognition and Classification

On the other nand. a pattern is weil defined irrespective of scaiing or reversal. For instance we can recognize a visual
shape even under different light intensities 1scaling), even if we see the photographic negauve (reversal). The above
exampies can motivate the concepiualization of patterns as straight lines in the n-dimensmonal space. To further
understand the operation of Dignet we introduce a mathematicai enuty that we call “director.”

Definition 3.1 An n-dimensional director 15 the set of all vectors iying on the seme sirasght hine passing through
the ongin of an n-dimensional vector space. Ve use the notation a.b.c.d... 1o mdicate directors.

We shali prove that the set of all n-dimensional directors (n-directors) is a metric space.

Definition 3.2 For two n.directors a.b we define as distance ©(a.b) the absolute velue of the acute angie between
any two of their elements. [n terms of the vector space i1t car be ezpressed as

M= [:(_:_l_).) 1
Ofa.b) = arccos (I T2l ()

where 2.y reciors so thet 2 €a. y € 6.
It 13 easy 10 see that this d'uun-ce fulfills all the properties of a metnc:
1. Nonnegative because arccos(z) € [0.2/2] for £ € (0. 1] (CBS inequality)
2. Symmetnc. obviously if we interchange a and b in the formuia.

3. The tnangle inequality clearly holds for the 3-dimensional space (with equality when ail 3 directors lie on the
same plane). However. any three. non-coilinear vectors (or straight lines) span a 3-dimensional subspace 1n the
n-space that is homomorphic to the 3-D space. Therefore. the metric properties hold for the n-dimensionai
space. 100.

Thaus. the set of all n-directors is a metric space.

From the definition 3.1 it follows that a director being a set can be represented by one of its elements. A good
choice is the uasty vector that belongs to the particular director. This choice simplifies equation |. If X and Y are
unity vectors representing the directors a and b respectively. then

O{X.V) =arceos(| < X.Y > ) (2)

and the directors can be further represented as points on the surface of the unity Aypersphere. In figure 2 we see the
3.dimensionai case. This mapping of pattern vectors 1o unity vectors can be achieved by normalization and reduces
a n-dimensional problem to a (n - |)-dimensionai probiem.
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Figure 2: Normalised patterns and the unity sphere

The topological properuies of this mapping are interesting. hiowever the aigebraic properties are complicated.
Therefore. 10 nmplify things we assume that the angies are small. then in the limit the suriace of the sphere can pe
teeated as & tangent plane. Then il we consider a neighborhood .V(F;.8) around the pattern F,. where 6 (theta)
is the desired angular threshoid for pattern matching. we say that a paitern is recognized by the exemplar P, if its
projection on the surface of the sphere {alls within the above neighborhood.

Since the vectors are aiready normalized. the angie corresponds to the inner product between vectors. and the
comparison of a new pattern with a number of presiored exemplars can be achieved with a simpie paraliel vector
matrix multiplicasion and thresholding of the output. whete the rows of the matnx correspoad to the exempiars.

4 Description of Dignet

Dignet is a seif-organising neursl network that can store and classify notsy inputs without supervised traning.
its seif-organization capability 13 based on the idea of competitive generation and elimination of attraction weils.
The weils are generated around presented pasterns which are clustered according to their distance from the center
of wells. The center of a well is moving dynamically towards the highest concentration of clustered points in the
pattern constellation. The depth of a well indicates the strength of learning and reflects into the inertia by which
the center of the well is moving when new data falls within its region of attraction.

A schematic disgram of Dignet 1s shown in Fig. 3. The pattern recognition and classificavion ability of Dignet
is characterized by the competitive creation and elimination of atiraction weils. Each weil is charactenzed by its
center. width (threshold), and depth. The similarity between pasterns in Dignet is measured in terms of the angie
that the patterns form among themseives. It is assumed that all patterns are normalized. so thas the magnitude of
a pattern does not affect the ciamsification capability of the network. Assuming that a number of wells has aiready
been created, the changes in the Dignet geography once a new pattern is presented are as follows.

Let z, represent the pattern that is presented to Dignet at the n-th time instant. [{ e, . represents the center
of an existing weil in Dignet at the time the new pattern is presented. the center changes according to

= Fen +i";;-1e..-;.with initial conditions o = 0. (3)

where d.,_, is the depth of the weil at the n — ist presentation. which is updated according to
da = du.) + Ca, with initial conditions dy = 0. {4)
and c,, is a variable that takes on the following values

1  if the pattern is won by the well (reinforcement)
eam ¢ 0 if the pattern does not fall in the well (no interaction) (3)
=1 if the pattern falls in the well, but is not won by it
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Figure 3. Schemauc diagram of DIGNET

The width of s weil (threshold) determines the region of attraction and is determined by the specified (desired)
signal-to-nowse ratio (SNR). The threshold is measuted in degrees of angle {rom the center of the weil. Given a SNR.
the threshold (cosine) is determined by

1

threshold 6
T “

and the weil width (in degrees)
©4 = arccos(threshold) (7)

Equation 6 is obtained from figure 4. The noise component that contributes to the angular deviation from the
center ~f the well s is normal to the pattern. Therefore for worst case analysis we can assume that the nowe 1s normal
to the pattern. If we cut the n-dimensional hypersphere by a 2-dimensional plane so that the vector s lies on that
plane as weil as the center of the hypersphere. then we reduce the problem to an equivalent 2-dimensional problem.
Then < n.n > +1 = A> =< s + n.s+n > by the Pythagorean theorem. Then

c“(e)zl/lzm (8)

By using < n.n >= o (in expected value sense), we obtain

DT Lo T WP U

1
o) = 9)
ad ;l + 0 (
from which. using the relation:
o = lO"ﬁ.‘ (10)
(6) follows.
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Figure 4: 2-dimensional projection of patiern and normal noise

Once a pattern is presented to the netwurk. its distance from the different wells is computed. I the minimum
distance exceeds the well width. a new well is created: otherwise the pastern is assigned 10 the ciosest weil. which is
reinforced. Furthermore. if the pattern. in addition to falling in the region of attraction of its ciosest weil. falls in
the region of attraction of other wells as weli. these weils are weakened. their center is pushed away and their depth 1
Jecreases according to the above equations. To avoid excessive. spurious wells. a stege age (s.a.) is defined. The »
dJepth of each well is periodically examuned at the end of each s.a.. If at the end of 2 s.a.. the depth of 8 weil does
not exceed a certain threshold (age). the well is eiiminated all together: otherwse it survives this stage age.

S Stability and Convergence Analysis of Dignet
For reasons of analytical compactness. we perform a stability and convergence analvsis of Dignet by using the P
continuous time equivalent of the self-organizing aigorithm (equations 3 through 7). Simple manipulation of the ’
discrete-time aigofithm. yields the foliowing continuous ume algorithm:

d d
Zle(0d(0) = {d)ae) (1)

d .
I{d.-m] = [[Bg ~ O(ei(t). 2(1)) > 0}(2I[O(ei(1). £(t)) = n\lzn{e(e,(t).:(t))}l -1 (12) '
where e,(t) designates the center of the i-th well in Dignet at tume t. d;(t) the associsted depth. and

< ei(t). 2(¢) > )
i 2(t)) = ————— (13
e 211 = aeeo (| T2 S
1{1) is \he indicator function defined to be one if the event {1 is true. and zero otherwse. The mimmum in 12 is
understood over all existing wells in Dignet at time .
Assuming zero initial conditions on d(0). i.e. d(0) = 0. the solution to the differentiai equation 11 is
‘ .
e(t)d(t) = / d(r)z{r)dr (14) )
0
where the notation “d(t)" is used to indicate the time-derivative of d(f). Assuming d(t) # 0. and using the convention
% :=0. the solution 14 can be written as
' .. ‘ ..
elt) = [, di(r)z(r)dr - fo d‘.l'r)z(f)df (15) )
d(e) Jo dilr)dr
For the i-th Dignet well with center ¢,(1). the integral in the denominator of (13) represents the average time that
any input pastern 2(¢) fell into the region of attraction of well i and won by this well (i.c.. it was closest to the center
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¢,(t) than 10 any other well center). nunus the average ime ttm. any other pattern fell into the region of auiraciion
of well i. but was lost over 10 competition. (The convent.on 3 := 0. is assumed iu the analysis.) Thus. (13, produces
wells with centers the selectire 1ime-averages of Jifferent .put nowsy pattesrns. Furthermore. it elimunates weils 1hat
are created [rom overiapping well boundaries. The solutions (13) are stabie. assurmung finite mean uaia. and converze
10 either a nme average if the patiern persists in the input data. or zero if the pattern is spurious. The stage-
age parameter. 5.a.. that was introduced 1n the description of Dignet facilitates the ehmination of unsustained and
undesired spurious wells. in order (o keep the storage capacity requirements of Dignet manageable. The algorithni
(equations L1 through 13) or. 1ts »quivaient discrete ume version (equations J through 7). is thus capable of sell-
OrgamIzation ana can be used in a neurai network for class-discrimination among different classes that are separabic
by hyperspireres. Classes of patterns whicn are separable by more complicated boundary shapes can be discriminared
by Dignet through seif-organization. if a different metric 1s used to determune the interaction among input patterns
and weil centers. other than the angie metric ( 1) used 1n the indicator function /({60 =O(e,(!). 2(t)) > 0}] in (12) Ixi

6 Comparison with other self-organizing networks
Kohonen 9] has propowed a cluas of seif-organizing feature maps that are based on the adaptation iaw

m(t)
dt
nt) = mT({):(!) 117

o(£.m.n)e(t) = (z. . qymt) (1)

where m ) tepresents the neuron activation (or output for hinear clements). r(¢) is the vector of the input »xcitanions
to the neuron. and m(t) 1s the vector of the <vnaptic interconnections associated with the neuron and the winut
vector s1!) of-) and <(-) are. i general. funcuions (possibly noniinear) of the synapiic weights in. the input & and
the neuron outout n. In Kohonen s self-orgamzation feature maps [9]. the ciass of funcuions of ) and -1 ) that he
constders are memoryviess functions.

To compare DIGNET with Kohonen s maps we rewrite equations (11) and (12). by dropping the time-depenyen.
for notational convenience. as loliows:

d d
c= -It -+~ zt (18
d = 1@ = Ofe,10).£(1)) > 0)(2U[Ote,(1). £(1)) = min{Sie; (). 2(1))}] = 1 (19
with output rquation
¢ = max{Pe,} (20)
whers the maxunum s taken over all center-patterns of created wells (clusters). and P is the mawnx of the stored

patteriis ia matrix with the stored patterns as rows). By comnpanng equation {16) with equations (18) and (191, anu
dentifying .
d .
o= += Ee (2h
the Dignet algorithm extends the class of Kohonen's feature maps by introducing memory in o(-} and <{ ) Anotier
class of algorithms that can learn to discriminate among a number of different patterns (hypotheses). are nase:l
on the iearning vector quanuzation (LV'Q) algorithm and the creation of Vorono: vectors in the pattern space {10!
(11]). However. the LV'Q aigorithm. and derivative aigorithms from it. requires that the number of unknown patterns
(hypotheses) 1s precisely known a prior:. much the same way Kohonen s self-organizing feature maps do. Furthermore
the number of Voronoi vectors must be ciose to the rrue number of different clusters in the pattern space For
convergence. the LV'Q aigorithm must be initialized with the proper number of Vorono: vectors and initial conaitions
that are ciose to the stable equilibrium points. A modification of the LV'Q algorithm that aliows the adaptive upaare
of the \'oronor vectors according 1o a majority decision rule was proposed in [11]. The modified L\'Q aigorithm
avoids the insuabiiity of the original LV'Q aigorithm due to bad initial conditions. but it requires that the size of the
Vorono: celis remains small. thus. not really resolving the sensitivity problem of the algorithm.
If the iniuiai chosce of the Vorono: vectors in the LV'Q aigorithm is inadequate. there 1s no systematic approach to
adapriveiy change their number as needed. Convergence of the LV'Q algorithm depends on the proper ctioice of tie
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\'oronoi vectors and imitialization of the aigorithm ciose to the actual stable point. Coavergence of the Kohoaea s
feature maps depeads on the choice of oi-) and %! ) funcuions. wnich are otherwise arbitrary. [n that sense. neither
the LVQ aigorithm nor Kohonen's feature maps are truly seif-organizing in the sense defined by Dignet. since the
number of different patterns need 10 be known a-priori. and convergence is sensitive to the choice of initiai conditions.
In that respect. the guaranteed convergence of the Dignet algorithm o a number of stable classes. given nowy daty
from an unknown number of unknown patterns represents the noveity of the aigorithm that differentiates if from the
LVQ aigonthm and Kohonen s {eature maps.

7 Capacity of Dignet

Determinauion of the maximum capacity on Dignet 1o siore patterns unambiguously depends on the metrie that
13 used 1n the well formation. the dimensionahty of the patterns. and their separation from each other in the absence
of noise. The maxumum capacity of Dignet to store input patterns unambiguously depends on the maximum amount
of tolerable deformation. which depends on the prescribed SNR. and the initial separation of the patterns. The
capacity of Dignet when the metric (1) 1s used in the well formauion i3 discussed next.

For n-dumensional input patterns. assumung that the separation between patterns is equal to ©n = arccos(thresh),
where thresh = 11 +0°)* with @2 = 10=>V /29 1he noise variance and O+ is measured in radians. an approximation
of the maximum capacity of Dignet is given by

ey

* N

Cox (Té? (22)

if a pattern and its negative are indistinguishabie. and hy

Cax (elo) (23)

when a pattern is distinct from its negative.

The maximum number of unambiguous classes that Dignet can create increases within the dimensionality of
stored patterns. since the number 13 proportional to ratio of the surface of the hypersphere where the weil centers
are situated to the sutface occupied by the width of a well. The esumates on the maximum capacity of Dignes are
thus obtained by comparting the area of the surface of the n.dimensional sphete with the ares of the hyperdome of
sohid angle ©p . Notice that this capacity can be much higher than the capacity of conventional neural networks and
it is limited only by the nunimum desired distance between exemplars that is dictated by the amount of nowse that
the network is required to be able to tolerate. The advantage of Dignet lies. thus. on its ability to create ciasses with
prespecified noise tolerance. For example. for tolerance to SNR = v db. 0° = |, thresh = 2=% which corresponds W
o = 7/4. and thus C, = 2"~' for indistinguishabie negative from positive pasterns. and 4"~' for disuncs pomtive
from negative patterns. Hence. for 0 db SNR. the weil width should be set at 90° which corresponds to a threshold
of 45°. For tolerance to SNR = 24db. the weil width drops to 26°. which corresponds to threshold of oniy 13°. which
vields a lower bound on the maximum capacity of Dignet equal to 6.67"~" or 13.34"~' depending on whether the
Dignet 1s designed to be insensitive to orientation of not.

8 Implementation of Dignet

An implementation of Dignet is shown schemauically in Fig.3. The different input patterns are represented by
vectors that are stored directly as rows of the matrix P. The vectors are first normalized to render the recognitiod
and classification abilities of the network insensitive to magnitude variations in input patterns. Since Dignet may
be used for recognition ana classification. the network must be independent of the reiative level of intensity in the
input patterns. Normalization of the input patterns creates equivalence classes between collinear patterns.

Once an input pattern is presented in Dignet. it is first sampied. and the samples vector z is normalised. The
product Pz is formed and then passed through a vector threshold function f,(-). The sampie-and-hold operation
prevents any input change during learning. Each element of the product w = Pz is equal to the inner product
between x and the stored exemplars (matrix rows) in the matrix P. Each element of the threshold vector funcuod
f4(-) equals the maximum tolerable SNR between a pattern and the corrupting noise expressed in radians betweed
the stored patterns and the nomunal pattern. The condition for passing the threshold is equivaient to the 1nput beiné
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within an angle at most equal 1o arccostthresn) from 2n exempiar. The 1-th element of the threshold function 15
equal to:
0 lf 0 S w; € 9|

wi fggu <l 20

fiw) = {
where ¢, is the threshoid for the i-th exemplar.
Hence. an input falls within a weil with center some exemplar. if the threshold is exceeded for this exempiar.
Votice that the above threshold function maintains the sign. so that two patterns with the same magmtude but
opposite sign will be classified as different pattern. e.g. the network will preserve onentation by differentiating between
black-and-white from white-and-black. If preservation of the sign is not important. w can be replaced by ju|
\n the tnequalities in the thresholding operation. After thresholding, the output vector is fed into & mesmet {3] which
selects the maximum thresholded output. 1.e. the exemplar that is closest to the input pattern. Thus. recogmtion
13 achieved. Clasmfication 15 achieved by forming the inner product between the output of maxnet and the row
veetor N o= {123....V..]. If apattern 15 not recognized. the outputs of maxnet are all zero and the XOR gate
becomes high. thus enabling learning of a new pattern. Durning the learning of a new pattern. the “choose available
siot” function seiects the first unoccupied row of matrix P to store the new input pattern. thus creauing a new weil
with center the new input pattern. depth do, and width equal o the threshold angle ©; (©i = arccos(g;)). If one
of the outputs of the maxnet 1s high. this indicates that the nput pattern has fallen 11 one. or more than one. of
the attraction regions of the existing weils. In this case training of the matnx P takes place by updating the center
and the depth of all the wells that have nonzero threshold output. Furthermore. the stage-age (s.a.) of all weiis
1s exarmined. and wells Lthat do not meet the stage-age requirement are eiimunated. thus freeing the row (siot) they
occupied in the storage matnx.

9 Character recognition

The ability of Dignet to seif-organize in the correct number of classes according to the number of different classes
of patterns in the input was tested using noisy letter characters and sinusoidal signals imbedded in nowse. Eight
64x64 pixel. binary characters were chosen at random. Each character was reduced into a 4x4 character using a
16x16 template. averaging the pixel values over it. and then normalizing the resuiting vector. Thus. each character
was represented by a 1x16 normalized vector. Noise was added to each pixel of the 16x1 vector from a zero mean.
Gaussian distribution with vanance determined by a prescribed SNR. The noise variance was o°/n, with n = 16
and @° = 10~ISNR/20l where the SNR is in dbs. The stage age (s.a.) was taken to be three for these simuiations.
Simulation resuits with two different SNRs. 50db and 24db. are shown in figures 3 and 6.

in both cases. Dignet was able 10 seif-organize 1nto the correct number of patterns. eight in this case. The 3-D
plots in Figures 5 and 6. demonstrate the creation of wells (classes) during the seif-organization of Dignet ana are
tecorded according to the well depth. For 50dbs very few spurious wells are generated and survived the stage age.
However. the number of spurious wells increased as the SNR decreased. along with theiz average lifetime. For both
cases. Dignet was able to classify the eight different input patterns 1nto eight different classes ( weils).

In Fig. 7 the history of the center of a weil is being recorded as a function of the deviation of the center of the wetl
from the pattern that it represents. The crosses represent the distance of (angie between) the weil center associated
with each input pattern from the nominal pattern. and is measured in degrees. The squares are the data points and
tepresent the distance of an input pattern from the nominal pattern. The weil width (threshoid) for this particular
case is set at 13°. commensurate with the 24db SNR. Various spurious wells are created during the sei{-organization.
However. only the center of one well gets reinforced and converges to the true pattern. its center distance from the
nomunal pattern approaching zero. whereas all other spurious wells get eliminated. Simiiar picture 1s obtained when
different characters are presented alternately.

10 Detection of unknown number of unknown signais
An experiment was conducted using eight cosines with integer frequencies one through eight. Each cosine was
sampled at the Niquist rate of the highest frequency. Thus. sample vectors of size 1x16 were generated. At each
element of the vectors noise was added from a zero mean. Gaussian distribution with variance o°/n with n = 16 and
o* = 10-(SNR/20] determined by the specified SNR. From figure 8 it is seen that Dignet is capable of seif-organization
in the correct number of signals for SNR 5 and 0 dbs with a limited number of spurious ciasses. However. for -3
dbs. the number of spurious ciasses increases. their life expectancy increases. and the resolution of the correct classes
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Figure 5: Space-ume history of weil-crestion for eight different charscters at 50db SNR

CHARACTERS, SNR = 24 db

Figure 6: Space-time history of well-creation for eight different characters a¢ 24db SNR
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Figure 7: Convergence of a weil center in Dignet for one character at 24 SNR

decreases. Fig.9. A similar picture is obtained by tracking the center of the welis for 10 db in figure 10. Coviously,
only the center of one weli converges 1o the true input cosine. Similar picture is obtained when cosines of different
frequency are presented.

11 Topology of Multisensor Fusion Using DIGNET

ta {12]. (13}. {14]. (15} {16} and {17} Bayesian and Neyman-Pearson (N-P) theory for the Distnbuted Deamon
Making (DDM) probiem was developed. In (18] it was ahown that there exists a one-to-one topological cor-
respondence between the Bavesitan and N-P solution of the DDM problem and neural networks. Furthermore 1t
was shown that neural networks exhibit Receiver Operating Charactenstics (ROC) that are close to the opumal
Likelihood Ratio Test (LRT) ROC. when trained with the proper training rule [19].

It has been shown that the DIGNET can be successfully used for detection of unknown number of unknown
patterns. [n this section a topology is proposed for using Dignes in Multisensor Detection.

Figure |1 shows an impiementation of the parallel fusion scheme of {20]. using Dignews. The nignal received
by each sensor is fed to a Dignet (possibly after some preprr-essing), where the ciosest stored signal (pattern) is
recognized and appears at the outpus “e” of the s-th sensor 'ir vet (fig. 3) as a vector F,. A weighted average of
the outputs (see beiow) is then fed to the Dignet of the fusion center. which is used as s classifier (only output “¢”
in fig. 3 is used).

Along with the veetor outputs of the sensor Dignets. the well depths of the recognized patterns are fed to the
weighted average stage where they are used as the weighting factors:

Fin=)_d,P, (28)

sl

where F,, is the ;nput vector of the fusion center. m is the number of sensors and P, and d, are the output vectors
and depths of the sensur Dignets.

A deep well is a well that has “recognized” many patterns and & shallow welil is one that most probably is spurious
(created by some euther signal or by pure noise). This motivates the above topology where a recognized pattern with
a deeper weil is taken into consideration more than another of less depth. In practice, this means that since a sensor
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Figure 8: Space-time history of well-creatson for eight different frequency cosines at 10db SNR

Cosm, SNR = -5 ‘b
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Figure 9: Space-time history of well-creation for eight different frequency cosines at -5db SNR
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Figure 10: Convergence of a weil center in DIGNET for one cosne at 10 SNR

Figure 11: Parallel fusion topology and Dignet implementation
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Figure 12: Probabilities of detection and false alarm as functions of SNR (2 sensors) for threshoid .70

with higher SNR produces deeper weils than another with lower SNR. its output 15 taken into higher consideration
by the fusion Dignet. thus. the Dignet fusion topology has built-in fault tolerance.

The binary case (two signalis) is a special case of the case of unknown number of unknown signals. Furthermore.
in the Radar detection problem there 1s only one signal. Hypothesis Ay corresponds to the presense of signal plus
nowe and hypothesis Ho cocresponds 1o the pressnse of only nowe. Without noise the absence of signai would result
in & ser0 pattern vector which is a singularity in the director space. since it cannot be mapped on the surface of unity
sphere (it cannot be normalised). In order for the Dignet to function in that case the zero vectors must be ignored
(neither recognition noe training is performed).

An alternative approach is to map the sero vector by convention to some other vector. This is valid only 1if the
signal is known so that the choice of a different director is possible for the mapping of the zero vector.

In the application of Dignet on the muitisensor radar detection problem the first approach was used. i.. the zero
vector was ignored. It is thus expected that the signal will create a single “deep”™ well corresponding to H, and in
the absence of signal. the noise. having random direction. is mapped on the surface of the unity sphere i1n such a way
that no matter what is the noise distribution. the distribution on the surface is unsform. at least 1n the Gaussian
noise case. This causes shallow wells to be created (uniformiy) on the surface and disappear after very sort time.

For the following experiments a cosine was sampled at the Niquist sampie rate and Gaussian noise was added to
the sampled vector element by element. as in section 10.

lo figures 12 and 13 the threshold is .70 and .85 respectively and Pr and Pp are plotted vs SNR. We notice that
Pr assumes a minimum value and it cannot decrease further no matter how high the SNR is.

In figuze 14 the SNR stays constant at -30 db and the Pr and Pp are plotted w.r.t. threshold. As expected they
both decrease as the threshold increases and the well becomnes smaller.

The case of unequal SNRs is tested in figure 15. Initially the SNR is 0 db (equal for both sensors). Pr and Pp
are piotted w.r.t. time for 10% time slots. At time ¢t = .5 x 10® the first sensor breaks down and its SNR becomes
-60 db.

There is no nosiceable effect of the sensor malfunction in the graph. The very high noise of the broken sensor
canses misclassification but the weighting stage (figure 3) causes the fusion to ignore the sensor’s output. The ripple
in the Pr curve is due to the small number of time samples.

In figure 16 the Receiver Operating Characteristic is given for SNR -30.

In figure 17 the case for SNR = -30 is shown for a 3 sensor fusion. The corresponding R. O. C. is shown in
figure 18.

In figure 19 the case for SNR = -30 is shown for a 4 sensor fusion. The corresponding R. O. C. is shown in
figure 20.

We notice that increasing the number of sensors increases the Pp, for the same P, For example for Pr, = .003.
with 2 sensoes Pp, = 0.875. with 3 sensors Pp, = 0.95 and with 4 sensors Pp, = 0.98.
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Figure 13. Probabilities of detection and faise alarm as functions of SNR (2 sensors) for threshold .85
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Figure 14: Probabilities of detection and faise alarm as functions of threshold (2 seasors) for SNR -30 db

SPIE Vol. 1611 Sensor Fusion IV (1991) 1 491

@




A06H oNPONES SRA o 1 @0’ 1AreSieg 80 alter : « MOGNS. B! + ~4dD

!
ver = 1
.y M
.
S ia r 1
ooy 1
1]
- - . M
3.33%: {\“ 1
Moo tey - -
~ LIRS PR L TYOL T RIPY 2 -

R

3300 233332 33i333 ilme 3!3‘.. 58268 I3I90 000ONG TWONNE le-id

Figure i3: Probabilities of detection and false alarm as {unctions of time (2 sensors) for SNR 0 db. At umet = 5x 10?
the first sensor breaks down and 1ts SNR becomes -60db.
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Figure 16: Receiver Operating Characteristic for Gaussian noise and SNR = -30db.

492/ SPIE Vol. 1611 Semsor Fusion IV (1991)

*




PPUBAB L LYY

3.0

22 408 0 ve LAresss.S M0 ) etigass ans M - -Mep

i 1
1 1
.
.
.
A)
A Y
\
.
‘\
e
3 3 L] (3] T3 $1) 1] [1] 3 €. L ] o.88

Figure 17: Pp, Pr vs threshold. Gaussian noise. SNR = -30 dB. 3 sensors

3.9

.3

3. 2. leg SRE -3 @B () seneReu

LY
LT

-
..
L.
LT
..
-
“eu
-

e
c~eu
-
-
-

»”t

Figure 13: Recetver Operating Charactenstic. Gaussian noise. SNR = -30 dB. 3 sensors

PREDADIL ITY

"9 eng 7 ve Shgoumnis SUF ¢ Stupare and SUR & <30

boaen.
f S
.
‘n
-

r “\

00 -

P .o

—
1
1
.
.._\‘
\\
)
. ]

3.3 8.33 S.4 2.4 3.5 6.3 %4 08 0T AT S 0B
TR

Figure 19: Pp, Pr vs threshold. Gaussian noise. SNR = -30 dB. 4 sensors

SPIE Vol. 1611 Sensor Fusion IV (1991) 1 493

®
e@q @]

*




T . s e - @ L4 conEEres
> -
i

N
Y 1

+ ]
' i

|

R j

.
‘\

o0 {
::[ N 1
I i

ik aae Ty 4

B TR

P . R | ] 1.3 PR |

Figure 20: Receiver Operauing Characteristic. Gaussian noise. SNR = -30 dB. 4 sensors

12 Conclusions

A new aruficial neural network. DIGNET. was introducea for automauc pattern recognition and classification.
The propased ANN exhbits seif-organization capabilities according to prescribed tolerance 1o noise intetference. and
neyron requirements that grow lineatty with the size and the number of patterns that are needed Lo be stored. It 13
shown that the seif-organization aigonthm of Dignet ieads to stable ciasses that are created around patterns that are
sustained in the input dats over ime. Dignet was tested successfully with pattern classificauon and signai detection
paradigms.

A sensor fusion topology using DIGNETS was introduced and aumencal results. for Gaussian additive nouse
showed that Dignet performs well under unknown statistical environments.
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coounumcation network. The algonthun chooses multilink pathe for node-so0-node traffic which munimize a certan cost funceon
(e.g. expactad delay). Unlike the algorithm introduced eariier in this ares, knowiedge of the number of links (hops) betwean
each ongn-destination pair is not requared by the algarithen, therefore it can be applied to a more vanable length peth
routing problams. The neural nerwork structusre for impiementing the algorithm is 8 modification to the one used by the
Traveling Salestnan algorithm. Compuser simulations \n s nine- and sixtsan-aode grid network show that the algonuun performs
extremely well in single and multiple paths.

L. Introduction

The computational power and the speed aof collective analog networks of neurons in solving optimizaton problans have
been demonstratad by Hopfield and Tank (1}-{3] through the famous “Traveling Salesman Problem™. A smular procedure aun be
appled to solve a number of opamization probiems (6). In order to solve & practical optimuzation problem using a neural
network structure, it is necsssary to find algonthms for determunung the connections and waights of the neural network 30
that it converges to the appropnate answer. [n this paper, we suggest s neural nefwork structure that an detsrune the
opamal route for node-to-node traffic in an N-node communicaton network. The structure 13 an unplementation of the 0
called Shortest Path Routing Algonthm” in which a rouss 13 seiecwed for every ongin-destnanon (OD) paw such that the
TANSTUSSION COM i Mirumuzed if data is ransoutted along this routs.

The man function parformed by a routing algonthm is the selection of routes for vanous ongin-destinsuon paus.
There are two main parformance messures that are substantally affected by the routing algorithm, the throughput (quantry of
service) and the average delay (quality of sarvice). A good routing aigorithan should select the rousss which have muumum
average delay (thus allow more waffic into the network). In the shortast path algonthm, a cost is assocated with every
link i the network. In mwost cases, the cost is proportional w the dalays. The objective 13 o find a mujtlink path
jouung two nodes that has munumusn total cost  Different implementations of the shortest paths algonthm, in both synchronous
and asynchronous fashion, are available (4]. In this paper we consider two different NN implementations of the shortest paths
algonthan umng the actual delay and the derivative delay a3 cost functions. The neural network structure of the algonthm
was first introduced by Rauch and Winarske {5). Their method, however, has serious Limitations. It can find the shortest
path for a given OD par only when the number of links that the path contains is known, which is an unrealistic assumpgon. A
modified structure is suggested in the present paper 30 that the algonthm can work for arbitrary and uninown number of links
in a gaven OD pair. The NN that is presented in this paper was first incroduced in (7).

1. Problem Statement
Consider a N-node nerwork and assumne that the connectvity of the network is known. Lacljdmotcmcapaaryoid\e

link connecung node i with node §- UMBMWWMMich,xO. Therefore, the network
mbed-mbdbymeNapmymCMthmuc In addition, if every link in the network is a two-way lnk

and has the same capacity in sach direction, C is sypxnetric.

Our problem is to find the path connecting origin and destination nodes that minimizes a cost function such as the
expected delay. Smammd&ymamuamwmdmmamcuwthcaauallmkn—dﬁc

fli,mcnlhmcamnnbewwakuhuu\ol.iwmul, {5]. For exampie. duunkenuwiican be deterguned by
. P
w.li-foo [z‘ii/ (cij tfilJ] 10
whmfoisthonn-\i-a\ u‘:m(orn:hlink.nndZlijhmemdﬂowhcmaHODpunonmunkii. The exponent p
can take any positive value, but commonly used values are 1 or 2. The vaiue p = | was used in the ssmulaaons. The Linx
capaaty 'S z !ij in (1.1) is the residual capacity in the network when paths for multipie OD-paurs are considered. When

the cpumal paths for multiple OD-pairs are determined sequentially, the remdual link capeaty is deterzuned by
cii -z ‘ij = cij -Z fii(prm ODpury)- Z fii(cun-u OD-pair) 1.2

With p = 1 in (1.1), two different approaches were taken to solve for the shortest path. In the first approach. which
will be referred to a8 delay cost approach, the link cost was computed directly using (1.1). In the second approach. which
mubndcndnsnﬂiumddayuupptud:.mhnkmwucqmndwthcd-ivuvcolwiim(l.l). ie
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wiuch 1 the link cost that 15 used in the conventonal, opamal solution of the shortest peth problem assumung convex and
double-differenashbis delay (cost) function (4. The differences » the numencal solubons obtmned under the two et
functaons (1.1) and (1.3) are discusead in the amulations.

uuummwm“uwljmwummmwm Notice that uf there s no
ﬁmmm“x“;wu--(cu-m. um.mn-mwumumwwqmm
uulaton.

To illustrass the probiem, consider the 5-node network in Figure 1. The number bemds each link represents the
Mmm(w“). The cost macix W amsocsted wath Uus netwoek is gven 1n Table 1, whare L is soms large
pomve number.

Figure1 A S-Node Network

Table 1 Cost Matrix for the 5-Node Netwark of Fig. 1
[ 1 2 3 4 5

] 4
| 1
i L
| L

U e W —
.-
N~
el Nk ad

1 2
The shortest path from node 1 to node § is cbviously I-Z-}Smdzhuwumumwduuwuv Way* Wg

In the next section we reformulate the shortest path algorithm using & neural network saructure.
L. Neural Network
In their paper (51 Rauch and Winarske suggested that the solution of the shortest path algonithm can be represanted by
azwmmyV-N")M“wdmcmmmomyhmmvﬁnwn. The number of

rows in the array is equal to N, the number of nodes in the network, and the number of columns is equal % the number of nodes
that the path contains. For the 5-node network of Figure 1, the shortest path connecting node 1 and node 5 an thus be
represented by

aleled=d

! 1 2 3 4

W W N

|
I
!
i
I

[~ 30 =3« B = B
OO0 O0O~O0O
OO0~ 00
- 0000

It is cbvious that for the array to represent s valid path, there can be only one nonzero entry in esch column and there can
be at mOst One NON2Ar entry M each row (this condition 1 different from the one required by the TSP problam). An nonzero

mrymm-ljmwo{thmyunhm-pnudu‘nodclhh)thnodchpuh‘. Using this represantation, &
total NxM neurons are nesdad to represant all the paths having length (number of nodes in the peth) M. Glven an OD peis, the
first and the last column of the array are fixed, so there are Nx(M-2) active neurons in the array which are free to be
updated.

As we have mantioned in the previous section, this represenmtion has its limitations. The problem with this
representanion is that if we do not know how many nodes the shortest path would contain, i.e. M i3 unknown. Rauch and
Winarske sssumad that the cunimum number of links betwesn a given OD pair could be obtained in sdvance fro: the capeaty
mamx C, in which cane M is equal to that number plus one. Howevez, by choosing M this way, we may not be able 1o find the
shortest path because it is possible that a longer path can have lower total cost then that of s shorter path. In our 5-node
example, the qunimum number of links betwemn node 1 and Sis 2. If we choose M = 3, the 5x3 array can only give the path that
contains 3 nodes, which is 1-3-5 with cost 6. We know though from the previous discussion that the shortest path is 1-2-3-5
with cost 4. [t is obvious that the solution given by Rauch-Winarske's (R-W) method is not the correct one.

To overcome the limitations of the R-W method, we fix the number of columns in the array at N, which is the maximum
possibie number of nodes any path could contain in an N-node network. By doing 30, the neurcon array (NxN now) can represant
all the paths containing N nodes. Since most of the paths have length less than N, we should convert thess paths into length
N paths and maintain their total cost st the same time in order for them to be represmnted by the NxN arrsy. This aan be
achieved by adding soms 2er0-cost pesudo links to thoss "shortsy’ paths, i.e. pathe with less-than-N-links, until their length
is equal to N. To implement this idea, for each nods we introducs one 1ro-cout pesuds link that connscts the nods 10 itsalf.
The traffic can then crde at any node along the path through these pseudo links without increasing the total cost of the

path. For the S-node example of Fig. 1, the network after introducing 5 pseudo links ts shown in Fig. 2. Table 2 gives the
associated cost matnx.
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Pigure 3 A S-Neds Netwark with Pesude Links
Table 2 Cant Matrix for the S-Nede Netwerk of Mg, 2
! 1 2 3 4 5
1 i 0 1 4 L L
2 } 1 0 1 ] L
3 t 4 1 0 L 2
4 ! L 8 L o 2
L I L L 2 2 o

By companng Table 1| with Tabie 2, one can see that the only differunce betwesn the two cost matmicss s that the
diagonal slamenss now bacome 2er0 instead of & large number L. Using this modified repressntation, one of the poamble
solutions to the S-node network problam wath node | being the ongin and nods S the destination 19

1 1 2 3 4
1 1 1 1 ¢ 0 o
2 106 o0 1 0 0 Q
3 l 0 0 0 1 0
4 1 0 0 0 0 0
S t 0 0 0 0 1

(3) shows that the shortest path betwean nods | and 5 is 1-1-2-3-5, which can be interpreted as 1-2-3-S. Note that the
represntation of the shorest path is not unique; solutions 1-2-2-3-5, 1-2-3-3-5, and 1-2-3-5-5 all represent the same path.

For a solution © be valid, we require that there is only cne NonzEo enry in esch column and the toml number of
non2ero entries in the array is equal 1o N. Under these constraints, the energy fusction associsted with the network can be
defined as

2
E-M/!)ff;vmw“vu"'(llz) ::.:vikvﬁ: +{(C/2 t_‘.' VH-N) @
) kij ij
whare the irnt Tiple aunmaton gives the wial cost from the onigin to desdnation; the second and third terms are the
constrants unposed on the output on the Aeuron arTsy to make it convergs 1o a valid path; A,B, and C are pomtive enforcement
facsors.

Fmiquuen«)mmom&.mw-’wmlhﬁ'hmmdnuumnmmmtmy

Tim =-A "sm“mm * 8."}‘) -8 aha.sm) -C (s)
wmiiiuNMbdﬂnu 61’-1 if imj and 8ii-0 ifimj

mmuma“mywmuwwunwm

dyij/d.t--y“/‘t + :ETWVM ’lii 6)
and

V.lj -g(yil) sl nah(yii/yopl /2 D

1,;=Ca Gnput bias term) @
for1 g1 gN,2gjgN-1.

hw'-‘lmﬂuwwdtthVi'.bdanwOorl.mdthcmymmddndby«)mubc
minimized (it could be s local mintmum) when the systsmn reaches its steady stats.
IV. Simulstion Besuite

Theneural network routing algorithn developed in the previous section was simulated using 9-node and 16-node networks
with different link cost sssignments. The $-node grid network shown 1n Figure 3 was used for the first pilot smulanon.
All links were assumed o be two-way links and have the same cspacity. Under this sssumption, the capacity mamx C s
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symeme. mm—-uuuwm«-w“-mwwmmmeqbu-mum
Mnnywmumbw(nﬁdluwthmwm So, the cost amx W 13 aiso

symmatre and all links have the samne cost. The diagonal eleman® of W, which correspond to pesado Links, are all zero. and a

large number 10 asngned 0 the slaments which correspond 10 "open” links. The cost mamnix used in the puot sunulasons 1»
gven a Tabls 3.

Figare 3 A 9-Nede Grid Netwark with Pssude Links (dashed lines)

Table3 Cost Matrix for the 9-Node Grid Netwerk of Fig, 3
! 1 2 3 4 s 6 7 8 9

1 [ o 2 20 2 20 20 2 2 2
2 | 2 0 2 20 2 20 2 2 2
3 ! 20 2 0 20 20 2 20 20 20
4 | 2 20 20 0 20 20 2 2 2
5 1 20 2 220 2 0 2 220 2 2
6 ' 20 20 2 20 2 0 20 20 2
7 { 20 20 20 2 220 2 0 2 22
8 I 20 20 20 20 2 20 2 0 2
9 ] 0 20 20 20 20 2 2 2 0

In the puot simulations only one OD-pair was considered for the given cost matix. For each gven OD par, the first
and the last column in the neuron array are fixed. The states of the rest NIN-2) (= 63 in the 3-node network) active neurons
are updated according to the steady state expression of Equations (8 and (7). The initial value of the output of esch acave
neuron 1s a randomn number uniformly distributed in (0, 2/N] such that

E{ILV. }=aN ®

i v

Wommomkwuhlowmu..mcﬂmdhhymuptmmiqmmumﬂ(yo
large). This choice would allow the system to find better minima of the energy surface. After 100 iterations, we start
alowlyMMmMyewmummwmhmdvqmn-xOor1. The results for
the $-node pilot study were obisined with the following paramaeters.

A2, B=C=s500,n=951ts1

yo-zsoanm»,yo-zom

The algonthm is sansitive to thess parameters, since s bad operating point may resuit in divergence (oscillation).

Table 4 shows the shartest path found by the algorithm betwean node 1 and node 9; (2) is the initial condition. (b) is
the resuit after 100 iterations and (c) the result after 200 iterstiors (final resuit). The shortest path found is 1-1-2-2-2-
2-5-69, which can be interpreted a8 1-2-5-6-9. Tabie 5 gives similer results for & different OD paiz.

Because of the synunetry of the grid network, the shartast peth is not unuque for some OD pairs, which makes the
convergence mare difficult.  The algorithm will find one of the shortest peths depanding on the initial conditions. In the
simulation, we also notced that if the gain is fixed at a higher value right from the beginning, the system 13 very easy to
got stuck at some local minima. By starting at low gain and slowly incressing it, we have, 50 far, besn able to reach the
global munumum on all single-OD-parr trials for the pilot 9-node grid network.

hm&-mmw“m.mmm@mmmmgmmm To

obtain the actual traffic distribution for the entire network, the algorithm should be repeatad for every OD paurs (there are
Nx(N-1) of them). After the actual traffic conditions in the network become svailable, the cost matrix W can be updatad by
using equations (1.1) and (12). The algorithm is than repestsd for esch OD peir agrin, and the optimal path is found for
each OD pair that will prevent some links from becoming too crowded. By 0 repeating the algorithm, the ANN could eventually
obtain the optimal flow distribution for the network in the sense that the expectad delay on the entire network is urumuzed
for 8 @ven set of link capacities. This approsch was used 1o obtain shortest paths for multiple OD pairs in a 9- and 16-node
networks.

After the pilot simulation was successfully compieted, the ANN algorithm was tested in multiple OD-pars in both 9-node
and 16-node networks. [n the 9-node network, the algorithan was tested with four differant OD-pairs. Each link was assumed to
have normalized capeaty 0.5, wheress the flow on each OD-pair was taken to be 0.1. The “optimal® paths were obtained
sequentally by prasenung to the ANN one OD-pair at s time. The initial conditions on A. B, C. n, and t that were usad 1n




the puot amulagon. were also used in these amulaoons. The anneshing temperacure schedule was sughdy dufferent. e
wwmmmwukcptmmuyomunu = 250, bu:wundmpcmwumuyothw) = 30.70193 for ad

tals. After the network converged to an “opamal” path for a pven OD-pau, the ink cost was updated according to Eg.
(1.1) with p = 1. The four chosen OD-pairs were: A = (18), B = 28), C = (4.2). and D = (7.3) {The first number 1n the
parenthens indicass the ongn, whue the second the desanauon]. For each OD-par. convergence was achieved after 200
iterstions. In agreement with the puot sunulaton. The imtal and final neural acuvanons for each OD-pay are shown n
Table 6. (n thus particular smulancn, the order that the OD-pairs were prasented in the ANN was ABCD and a singie path was
assumaed (o carvy all the taffic for asch OD pmr. The same wutial conditions (neural acuvaton) were used for each OD-
par. Tha “opumal” path that was obtaned was A = (1-4-58), B » 2-58), C a (41-2), and D = (74-5-2-3). wvath towal cast
16.63968. Thus path 18 not the overail opttmal path wiuch has cost 15.42510 (see Table 7), but 1s very close 1t.

ln order to detarmune the effect of the sequence at which the ditferant OD-pars are prasantad to the neural necwork.
all possibie permucations in the sequence of the four OD-pairs ware presentad and the “opamal” paths were recorded. Table 7
summanzes the different “optmal” paths and the frequency they occurred. When the same trutial condsions were used for each
OD-pay, the set of paths 1, with tal cost 1663968, very close to the opuumal set of paths 10 with cost 1542510, was
obmuned 66.67% of the tmes. When the initial conditions (neural activaaons) for each OD-par were chasen randomly. the
frequency of path set 1 dropped to 29.17%. However. the frequency of the opamal path set 10 increased from 0.0%. that it was
when the same initlal condinons were used, o 12.50%. The eifect of the uutal conditions 18 cwrenty invesugated. From
the resuits obtained so far, 1t appears that the different wnitial conditions result in a more even distribuoon of the patn
sets among low cost path sets than the dismnbunon of the path sets obtaned with fixed uubal condinons. Table 8
sumnmanzes the correspondence betwesn the sequence with which the four OD-paus were prasanted to the network and the path set
that the NN converged to under fixed inial conditions and different yutial conditions. The numbers of the path sess
cotrespond to the path sat numbers of Table 7.

In order to detarnune the sability of the "optumal” path sets, two OD-paurs were alternanngly presentad to the NN and
the path sets were recorded.  The chosen OD-paurs were A = (1.9) and B = (83). The link capaaty was kept the same, 1.¢.
0.5 wuts per link, but the input data flow was rased to 0.25 dats urus. Sarung with zero innal newrai acavagon.
fixed for each OD-pawr, the NN converged to a stable solution 1n one iteragon. Furthermore, it converged to the same path
set, UTespectve of which OD-parr was presented first (columns | and 2, Table 9). When the wunal neural acuvagon were
random but fixed for ali OD-pars, the solution was stabilized in a few iteragons. columns 3 and 4 in Table 9. The same path
sets were obruned irrespecuve of what OD-par was presented first. However, when different random wrutal acavagon was
used each time 3 new OD-pair was presented, the path ses swabilized after a few presentations at slighuy different set
paths, depending on which OD-pur was presented first [n tus parucular expenment, all the different path set that were
obmuned are equivalent from cost paunt of view.

To test the ability of the ANN to opamize the network performance further by cresting mult-path routes for mulcple
OD paurs, a comparative study was conducted by allocaung dufferent percentages on the total flow on each path and repeatng
the algonthmn by interieaving the different OD pairs untl the total traffic from all OD-pars was accommodated The
samulatons were conducted using both the delay link cost [Eq. (1.1)] as well as the derroatroe delay link cost {Eq. 03]}
For a single OD pair but different percentage of traffic allocanon a¢ each “shortest” path, the results for the rwo duferent
cost functons appiied t0 a 9-node network are summanzad wn Table 10 and Fig. 4. From thase results, it can be seen that
smaller increments per iteraton result is lower total cost, in general. Furthermore, the denvative delay cost funcaon
{13) yreids paths that slightly cutperfort those obtained by the delay cost functon (1.1) for most increments. However, the
differences are not so uigufiant. One advantage of the denvatave delay cost function is that the number of loops observed
1s the “shortest™ paths was eliminated completely in the run cases. A small percentage of “shortast” paths, usually less than
59, occasonally contained loops when the delay cost function was used tnstead. The exstence of loops 15 currendy undes
\nvesaganon.

An identical simulation o the one described in the previous paragraph was conducted for three OD paurs in a rune node
network. The results for the delay and denvauve delay cost funcaons are summanzed in Figs 5 and 6 respecavely. Sunuar
conclumons to the sngle-path expeniment can be drawn; lower increments per iteraton result in lower total cost. The
denvative delay cost yields slightly better results than the delay cost funcuon itself. Analytcal stausacs of the number
of mes each path appeared as different increments of flow were used to obtaun the shortast paths are pven 1n Tables 11 and
12 for 100%, 25%. and 1% increments per iteration. The amount of flow each path carmes is also shown on the tables. As it
1s seen, most of the traffic flow 1 concentrated in a few "good” paths as the s1ze of flow increment decreases. Fusthermore.
the denvative delay cost yields a slightly lower final cost (delay) than the delay cost

The NN routing algonthm was also tested in a 16-node square gnd network with link capaaty 0.5 usuts, the same as in
the 9-node network. Four OD-paurs were used to test the NN. The test OD-paurs were: A = (1,8), B = (2,12), C = (14.0), D =
(113). When the OD-pairs were presented to the NN in the ABCD sequence, the opumal path set was obtained aiter 200
iterauons for each OD-paur, Table 13. The same annealing schedule as 1n the -node case was used. Note that the path set in
Table 13 is globally opumal. Due to space limitations, iruaal conditions, intermediate results after 100 iteravons. and
final resuits aftes 200 iteraions are only given for OD-pair 4. For the other three OD-pairs only cumulaave, final resuits
are given. The sensitivity of the soluton to the order at which the different OD-pawrs are prasented in the NN s oewng
invesagated. Furthermore. the appearance of paths that contain ciosed l00ps whuch seem to appear when the cost of looping is
low and the path of the initally presented OD pawr splits the network graph wnto two separate subgraphs, is also being
wnvesagared. Additional details on the sunulaton resuits on a 16-node network can be found in (8].

V. Conciusions

In this paper, a neural-based computational algorithm has been developed for solving optunal traffic rounng problems
in commurucation networks. The key idea in this aigorithm is the inroduction of pseudo links which allow the extension of
any path to & length N path so that it can be represented by an NxN neuron arrsy. The proposed NN algonthm can be used to
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obaun opamal routes for mulaple OD-paurs by prasenang to the NN one OD-paur at 2 ume. The sequentai presenanon ot OD-
pawrs in the NN guarantess & umque peth for each OD-pais. Once a “shormss” path 15 obtaned It CAn be usedl 10 CAITV te
aure Taific for a pven OD pau. provided its capeaty ¥ not excesded. A more even disthbunon of the flow irom
Mcmoomm.uun-pmuomwm.mnmqmwmwm.pvmoomm.
“shareest” path. and repesiing the algonthm by inmriesving the different OD pars. An unplemenmaan of the aigonthmn uRng
mﬂaﬂmm“u%mﬂnﬂpﬂp%mmmwnwwam:o
reduang the routing cost (ie. total delay). me-mhum-on-hndlbmwmhwwm:m
mmmwmumdmwm(mdm-mm-hwnyma-adumg
iteranons. The “opumal” path sem were found 1© be cioss 10 the global opamal and be stable ndependent of the saquence
m-oo-p-nmmdnum.smumwumnXMMuunnmmNNd;mMcnnmu-m
parform well in largw networks. mmda-mmmwmmwnwmxsmmm“(
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ABSTRACT

A nonlinear adaptive detector/estimator is introduced for single and multiple sensor data processing. The problem of
target detection from returns of monostatic seasor(s) is formulated as a nonlinear joint detection/estimation (JDE)
problem on the unknown parameters in the signal return. The unknown parameters involve the presence of the
target, its range, and azimuth. The problems of detecting the target and estimating its parameters are considered
jointly. A bank of spatially and temporally localized nonlinear filters is used to estimate the a posteriori likelihood
of the existence of the target in a given space-time resolution cell. Within a given cell, the localized filters are used
to produce refined spatial estimates of the target parameters. A decision logic is used to decide on the existence of a
target within any given resolution cell based on the a posteriori estimates reduced from the likelihood functions. The
inherent spatial and temporal referencing in this approach is used for sutomatic referencing required when multiple
sensor data is fused together.

1. RANGE ESTIMATION FROM COLOCATED SENSORS

This section considers the problem of localizing a target in range space from data received at one or more colocated
sensor(s). The range-Doppler space is partitioned into a number of resolution cells. Each cell is identified with a
hypothesis that the signal is present in it. A JDE scheme is then used to localize the target and refine its parameter
estimates. The measurements that are used to localize the target consist of signal returns corrupted by additive
white Gaussian and non-Gaussian noise.

The problem is formulated using the JDE procedure adapted to problems with uncertain initial conditions’ 4.
The approach involves the operation of several nonlinear independent filters in parallel. In the case of Gaussian
measurement roise the extended Kalman filter (EKF) is used for estimation. An extended high order filter (EHOF)>*
is used in non-Gaussian noise. The parallel filters are distinguished by the initial conditions used to set up the probiem.
Along with the state estimate the a posteriori probability of each bypothesis is computed recursively.

1.1 Problem Statement

Consider the problem of signal detection and parameter estimation in the context of the reception of an active echo
return from a object that has been illuminated by a monastatic source. The situation is considered in which there are
P collocated sources that illuminate the target simultaneously, but with different carrier frequencies designated -,

The received signal at each sensor is frequency-translated by mixing it with a signal at frequency w,,. The resulting
signal is low-pass filtered, and digitized at a rate f,, which is at least twice the highest frequency in the data. The
time between samples is denoted t,. It is assumed that all sensors have the same digitization rate, and that all
clocks are synchronized. The general expression for the received signal at the p'™ sensor , under the signal-present
assumption, can be written

&y = a5, (R)pp, (N a)rpy (M 12) + 0, W
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where a,, (n) is the recsived signal amplitude, py, (0, 1) is the pulse shaping function, and
'p.(fb. n) = cos [("i(“"’c (kt, ~ n))) - Up.“a] (2)

vp, is white noise with Efv,,] = 0, E[vy, v,] = 07, é6(k ~ j), and n is the time delay between signal transmissioa
and reception. n is & function of the range Dy between the receiver and the object, and is given by
2D
n==— (3)
For unambiguous range estimation the uncertainty in n,, denoted An is bounded by An < 27/(viw,.). This is
due to the fact that the cos(.) function is not monotonic (i.e. 7y, (n,1) = rps(ma, ), if ;3 — 11 = 22/(viwy. )
Py, (T, 1a) is the pulse shaping function, which has average energy E,.

1.2 Joint Detection/Estimation

In this section we describe the JDE procedure for optimal estimation of time delay and Doppler shift assuming the
presence of the target has been detected. The range of uncertainty in delay and Doppler is partitioned into a finite
number of resolution cells. Each cell is associsted with a hypothesis §;. The bypotheses are distinguished from
each other by the initial conditions on the initial state estimates , o0, and initial state covariances Pojo.e;- The
measurement and process models are the same for each hypothesis. Lﬂ."g € © designate the parameter vector that
describes the different initial conditions on the states. The parameter vector 4; is also assumed to be time invariant.
Urder hypothesis Hy,; the discrete time measurements are modeled according to

Hy : sm=g(xi)+w

oy . 4
with i.c.’s Xojo,0;, Poto.¢; “

The measurement vector 3; is composed of the scalar measurements of the P individual sensors such that
T
B = [‘l. ‘:. cee :’.] (5)

The state x, is common for all §; € ©, and satisfies the discrete time process equation
xx = f(xacy) + Wy (6)

The initial state estimate, the measurement noise, and the process noise are uncorrelated. The process and measure-
ment noise are zero mean and distributed with covariances E{w,w]) = Qa, and E{v,v]] = R:.

For each §; € © (each assumed model), a minimum variance estimate of the model parameters is obtained recursively
using the JDE technique. Using this technique a minimum variance estimate of the model parameters is obtained
for every assumed model. Thess estimates are subsequently used to estimate the likelihood of each modei being the
correct one. Based on these likelihood estimates, 3 maximum a posteriori (MAP) decision criteria or a minimum
mean squared error (MMSE) decision criteria can be used to select the proper model.

From Bayes’ rule, the a posteriori probability of the parameter vector § is updated recursively by!-3
P(0:i1Zs-1) p(33]Zs-1,8)
P(6:1Zy) = M
- Traut P0m|Zao1) P(841Z1-1,0m)
where Z4., = (21,23, --- 24-1}. The initial condition for (7) is the a priori probability density function p(8) =
p(01Zo), which is assumed to be known. The densities p(s4]|Z4-,9;) are updated using the EKF® for estimation in
Gaussian noise, or the EHOF3$ for estimation in non-Gaussian noise. Since the state vector x; is common to all

models, the minimum mean squared error (MMSE) estimate can be used. The MMSE estimate is expressed as a
weighted average of the conditional state estmates Xya 4, over all §; as follows:

N
x5 = 2 P(Bi1Za) kapa e, (8)
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Model (4) can be extended to include the signal-abeent case (null hypothesis) by augmenting the set of hypotheses
{6:} with the null hypothesis § which has the amsociated noise-only measurement model

5=V, (9)
and renormalisation of the a priori distribution P(6;, i = 0,1, ---, M, where A is the number of resolution cells.
1.3 Specification of Initial Conditions

The localized initial conditions for each resolution cell are defined as follows: Let the time delay have mean 7, and
density function p,q (7). The distribution of rp is segmented into N nonoverlapping segments such that the segment
around some localized initial estimate 1o i8 defined by

""'o("‘o) = prg(m)  aa ST < anyr l1<ngN (10)
We have

ﬁ/'-“ ha(r)df:/.:p,o(r)drz 1

asl /o

Define the scaling parameters {, such that
@[ pmg(ridr=1 1sgN
Then the mean and variance of the initial e:nditiou of the segmented model are given by
fog = Elrag) = n [ rpng(rhdr

Var(ray] = ¢a /.: " T prag (P)dr = 73,

With N different initial conditions on  there are N different resolution cells for referencing the measurements. A
different filter is initialized in each resolution cell. The total number of cells in the resolution space can be large,
depending on the desired accuracy in the parameter resolution. However, the filters can be run in parallel, and
independent of each other, thus reducing the execution time to that of a single filter.

The parameter vector §;, 1 <i < N, is defined to be the i** resolution cell and is used to define N initial conditions
on the state variables r. The a priori probabilities of each hypothesis are determined by integrating the density
function pyo() and over the limits defined for each hypothesis. They are given by

Cnel

P@) = [ puo(r)ar (11)

1.4 Joint Detection/Estimation of Time Delay

This section addresses the model in which the state z; = n, is unknown and to be estimated. The parameter vector
6; is defined as before. Hypothesis H; is now given by

w kt, <h
Hi : zo={g,(h)+wu hskt,<h+t, (12)
vy kthﬂ““o

with initial conditions
Zoj0.0; = [#ng)T
Po'o"'. = [v"[fnoll




where

".(’.i) = ‘p.(ﬁ)’n(ﬁ)’n(ﬁ) (14)
‘n(h) = (%'Aﬁ:{;
Pry(A) = 0.5 (1 = con(27 bmg (ks = B)/ta)) (15)

oa (B Umg) = €08 [(Vimg(wipe (Ete = 7)) =i kt,]

where it is observed that the amplitude function a,,(.) reflects the transmitted amplitude 4 attenuated by sperical
spreading loss.

1.5 Experimental Evaluation

Both single and double sensor models (P = 1, and P = 2) in (5) were selected for experimental evaluation. For
this evaluation the sampling frequency was f, = 100 x 10° Hs, the pulse width was set to 12¢, and ¢, the speed of
propagation, was 186000 miles/sec. For all tests, the nominal time delay and Doppler were mon = 0.000324 and
(vnom — 1) = 8.96 x 107 respectively, corresponding to a target at a nominal range of 10 miles. craveling at 300
mph Doppler velocity.

It was assumed that the error in the time delay estimate was uiformly distributed at £3.5¢, about the nominal
delay. The corresponding variance is then (7¢,)3/12. The error *. the Doppler estimate was assumed to be uniformly
distributed at +7.47 x 10~7 about the nominal Dovopler. This corresponds to an error in the Doppler velocity of
£250 mph. The corresponding variance is 1.85 x 10~13.

1.5.1 Single Sensor Evaluation

The single sensor model was used to compare the use of multiple filters (N = 7) to a single filter (N = 1) for
JDE. With only one filter, Zo10,0, = fnom, Pojos, = (7 t,)?/12, as described previously. The initial estimates of
time delay for the multiple filter implementation are given by #ag = (R = 4) ¢ ¢, + mom, n = 1,2,--- 7. Thus,
the initial delay estimates were separated by ¢,, with Var(ra,) = t3/12, Vn. The a prioei probabilities are given by
P(6a|Zo) =1/N, 1 <n < N.

The Monte Carlo simulation results for JDE wiih a single filter (V¥ = 1) and & bank of seven filters (N = 7) are
shown in Figure 1(a). In this figure the mean squared error (MSE) of the estimation error in 7 is shown as a
function of SNR, where SNR & 10log(E,/03), for n < kt, < 1 +tu, a0d E, is the average received signal cnergy .,
per sample. Each point on the graph represents the results of 500 simulation runs. Both the MAP and MMSE
estimates are shown in Figure 1(a). The MAP and MMSE estimates are the same for N = 1. Also shown on this
graph are the results for the detection-only (D-O) technique, which is implemented by fixing the estimates at their
initial values. The noise is Gaussian, and the EKF is used to perform estimation in the JDE method. The JDE
(N = 7) implementation gives better results than the D-O method, particularly at higher SNR. This is expected
since the filter in the JDE method allows a considerable refinement estimates at higher SNR as compared to low
SNR where the larger noise covariance restricts the filter gain. At =5 dB SNR the JDE and D-O implementations
petform identically. In general, the MMSE estimates are better than the MAP estimates, particularly at low SNR's.
The JDE (N = 1) implementation gives the worst overall performance. The filter used in this implementation often
converges to poor final estimates due to the tendency, mentioned previonsly, of time delay to converge to values that
are separated from the actual time delay by multiples of £1/f.,

The JIDE (N = 7) technique is evaluated in lognormal noise in Figure 1(b) for the single sensor model. The MMSE
estimates of 7} are shown in this figure for the EKF and for the EHOF. The EKF is evaluated in two configurations.
In the first configuration, the Gaussian pdf is used to evaluate the detection statistic g:ven b, equation (7). In the
second configuration, the lognormal pdf is used. The EHOF is evaluated using the logno:mal pdf only. The EKF
in the second configuration and the EHOF give very similar results at low SNR. However, at high SNR the EHOF




outperformse the EKF. When the Gaussian pdf is used in conjunction with the EKF to localize the target, the results
are significantly worse than when the proper lognormal pdf is used. This advantage is particularly evident at low
SNR's.

1.5.2 Double Sensor Evaluation

In the multiple sensor case (P > 1), the sensors may have different carrier frequencies (w,,), and different translation
frequencies (wy,). A two-sensor (P = 2) model was evaluated in which w,, = 27+ 10 x 104, we, = 27+ 30 x 10%, and
wis; = wiy = 0. The MMSE results of this evaluation for JDE (N = 7) are given in Figure 1{c). The single-sensor
(P = 1) MMSE results are also shown in this figure. This figure illustrates the distinct advantage of centralized
fusion for JDE.

1.5.3 Muitiple Pulse Processing

The results of processing two pulses are given in Figure 1(d). The EKF and EHOF are configured such that the
initial error covariance is reset at the beginning of each pulse. The rationale for this is to re-excite the system. This
helps to allow poor estimates to possibly converge to smaller errors, and it has been shown experimentally®, that it
does not significantly effect those estimates that have already converged close to the actual state value. Figure 1(d)
shows an improvement of about 3 dB for the two pulse estimate over the single puise estimate.

2. RANGE AND AZIMUTH ESTIMATION FROM NONCOLOCATED SENSORS

Consider the situation of two spatially separated sensors, s1 and #2. Each of the two sensors attempts to detect and
track objects coming into its respective area of coverage. The coverage of the two sensors is assumed to overlap in
space, but not entirely. The sensor geometry is shown in Figure 2. In the overlap region the data received by the two
sensors can be combined to get a more accurate estimate of target parameters or to estimate parameters that cannot
be estimated with one sensor alone. In the overlap region the estimates from the individual sensors are combined to
form improved target parameter estimates. We consider the case where each of the sensors may have different types
of tracking Jevices such as optical trackers, various types of radars, etc. It is assumed that these sensors transmit a
signal and process the echo returned from that signal. The signals are corrupted by additive Gaussian noise due to
thermal effects within the receiver, and by clutter which may be due to non-Gaussian distortion such as sea clutter
or other multipath spreading. Typical distributions used to model this distortion include the Rayleigh, Weibull or
lognormal distributions’. The thermal roise at the receiver is assumed to be uncorrelated from sensor to sensor.

2.6 System Model

Assume that each sensor counsists of a phased array or some other sensing device that can produce target angle esti-
mates along with estimates of time delay and Doppler shift. It is assumed that there are two separate measurements
taken at each sensor - one measurement at each of the offset phase centers. The received signal at the p** sensor
may be described by

Sy, =8, +Uy, +Vp, (16)

where g, represents the received signal, u,, is the clutter, and v,, is the Gaussian noise at the k** sampling interval.
Since there are two measurements observed at each sensor, the received signal can be more explicitly expressed as

i i R N
8'). ’P’. Up2, ll’:.

Two unknown delays, 7,; and 7,3, are introduced in the received signal g,,. The delay 7,, is the round-trip
propagation time from the center of the sensor to the target and back to the sensor. Referring to Figure 3, this is
the time for the signal to travel from point P, to O and back to point P,. From 7,, the range to the target can be




determined using the relationship

™
D, = 3= (18)

where ¢ is the speed of propagation. The delay 7,3 is the difference in time for the signal to reach from point P,
o point Pp3. The difference in the propagation distance is given by ¢ 7,3. The differential angle A9, to the target
{rom sensor p, which represents the difference between the sensor pointing angle ¢,, and the actual targei angie ¢,,
is then
- CTy3

A¢p =sin”! (—3-)

’ dy

by =y + 44,
where d, is the distance between the two offset phase centers in the phased array for sensor p.

2.6.1 Single Observer Model

(19)

Using estimates of 7,; and 7,3 from one sensor the target position can be estimated through the relations (18, and

19). Define the state variable vector for sensor p as x,, = [r,l R r,,.]r. It is assumed that the state does oot change
while the pulse is being reflected from it. Therefore the process dynamics are sero; that is, the state transition matrix

is unity and there is no process noise. In terms of the state variables the received signal at the p'* sensor is
[N Bp1y (Xpy JPr1y (Xpy )1, (%)
&y = = (20)
93, 8y2, (X9, )Ppa, (X9, )7p2, (X, )
4

where

A
i) = D~ men QP
Priy(Xpy) = 0.5 (1 — cos(2xvp(kt, = 2,,(1) + 552y, (2)/2)/tu)))
Tois = cos(up(wp(kt, = 2y, (1) + &;2,,(2)/2)))
for j = 1,2. x; = +1 whenever j = 1. x; = =1 whenever j = 2. v, is the doppler velocity (assumed known in this
case), A is the transmitted amplitude, and a,;, (.) reflects attenuation due to spherical spreading loss. The definition

of pp;, (-) given above represents the Hanning pulse type with pulse width t,,. The EKF equations for the constant
state model given above are given by

Koy = Poy_uer B3y (Gra Poy 1y Gy + RED!
Poyp = (In = Ky, Gy, )y Phcijh-1
Xap = Xpetpp-1 + Ky, By,
iy, =3, = &oy(Xapn-1)
(2) .

where Ry’ is the measurement covariance, K,, is the filter gain, and G,, is the Jacobian of the measurement

model®3. The EHOF incorporates 3"¢ and 4** order estimation error and measurement error moments. However,
the equations are very lengthy and are not presented here.

2.6.2 Double Observer Model

(21)

(22)

When information is available from two sensors, that is, whenever the target is in the overlap region, and the target
is illuminated simultaneously by the two radars, the Doppler and time delay estimates from each sensor can be
combined to obtain a better estimate of target position and velocity.

Let X' and Y’ denote the directions of a local coordinate system as shown in the insert in Figure 2. Let ¢,, and
35, the pointing angles of the two sensors, be chosen such that ¢y, ~ é1 = 90deg. In this case the direction X'
points directly along the line of sight (LOS) of s3, and perpendicular to the LOS of s,. Likewise, Y’ points directly




along the LOS of s, and perpendicular to the LOS of s3. X' is the in-track direction for s, and the cross-track
direction for 53. Y’ is it in-track direction for 23 and the cross-track direction for #;. For small angles A¢, such that
sin(A¢, m 0), the position estimates in the X', Y’ coordinate system, which can be found from either sensor, are
given by

Oy, = Dyycha/dy
Oy, = —(ch1/2-- Day)
Oy, = (ch1 /2= Dyy)
Oy, = Dygcina/ds

where D,, is the nominal range from sensor p to the center of the insert in Figure 2. The associated position error
variances are given by

(23)

a':,‘ = D} *Variris}/d}
c:,’ = c?Var[ny,)/4
c:,‘ = ?Var{n,)/4
c:,’ = D} ¢ Var{m]/d}

If it is assumed that the time delay estimation errors have Gaussian distributions, then the maximum likelihood
estimates of the target position in the overlap region D3, which are the weighted sums of the estimates at each

sensor, are given by .
'}&ﬂu/dn - 0::1 (cf21/2 - Dy,)

(24)

O, = ':’: ’:l: (25)
03, (ch1/2 = D1y) + 03, Dayeina/dy
0, = -S— T - (26)
" ¥3

2.7 Joint Detection/Estimation

The target search region has been localized to the rectangular box shown in Figure 2. This box is subdivided into
several resolution cells as shown in this figure. The beam pattern from sensor s; allows this sensor to detect a target
and estimate its parameters if the target is located in resolution cells 1 through 21. Sensor s; can detect the target
if it is in cells 11 through 15, 22 through 25, or 26 through 31. If the target is not located in any of these celis
then the target is declared not present (or more precisely, not detectable) . This situation is represented by the null
hypothesis Ho. The resolution cells are grouped into regions which will be used for minimum mean squared error
estimation. If the target is located in regions R, (resolution cells 1 through 9) or R3 (resolution cells 16 through 21)
only sensor 3; can detect the target. Regions Ry (resolution cells 22 through 25) and Ry (resolution cells 26 through
31) correspond to the coverage area of sensor 3 only. If the target is located in region R; (resolution cells 10 through
15) both sensors can detect the target and perform parameter estimation. The remaining area in the rectangle in
Figure 2is designated as region Rg, where neither sensor can detect the target.

Let 8; € © designate the parameter vector that describes the different combination of model uncertainty and initial
condition uncertainty. The parameter vector §; is assumed to be time invariant. The parameter vector §;, 1 < i < 56
is defined to be the i** resolution cell and is used to define 56 different combinations initial conditions and models. i
corresponds to the range resolution cell number determined from the initial conditions on the two time delays from
each sensor.

In general, hypothesis H;, representing the hypothesis that the target is located in resolution cell i, is defined by

(27)
33, = 83, + U3, + vy,
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where u;, and v;,, j = 1,3, represent the noo-Gaussian and Gaussian noise, respectively, present at the p'* sensor.
In regions Ry, R, and Ry, where sensor 4, can detect the target, the component gim, is defined by (20) as

{d:a.(.)ﬁtu.(-)nm.(.) fim;, < kt, < iy, +tuy
fimy =

(28)
0 otherwise
In the regions Rq, R4 and Ry, g1m, =0, YV &, m = 1,2. The delay i,.‘. is given by
i""i. = i’li. + ‘mi"“ (29)

where xm = +1 whenever m = 1, aad km = —1 whenever m = 2. In regions R, Ry, and R;, where sensor s; can
detect the target, the component gim, is defined by (20) as

UIII.(-)PM.(-)'M.(') ih‘. <kt < M. +lu,y
Fimy = . (30)
0 otherwise
In the regions Ry, R, and Ry, fam, =0, Yk, m=1,2.
The initial conditions are given by
i’om.o; = H’ﬂ.‘,n*’k,]r 31)

Proyas, = Ding [Varltyy, ), Varitya, ).
The initial estimates i"‘o‘*”"o' p = 1,2 are chosen such that the position of the target for a signal received ate

sensor p is at the center of resolution cell i. The variances Vari?,,, ) and Vu[*,,‘o] are determined based on a
uniform distribution of the error within the cell.

Define Zy = 81,32, --- 3a], where 5, = {s], , 3], 17, as the set of all measurements up to time k, and let p(241Z4-1.6:)
be the probability density function of 5» given the measurements Z,.; and hypothesis H;. The a posteriori probability
of hypothesis H; is given by

P(6ilZa-1) Ai(zs)

= 32
) = N PG [Za-1) Am(e0) e

where A;(z,) is the likelihood ratio defined by
Al(‘.) = p('llzﬁ-ln ‘.) (33)

“’l 'ZU-ll ’o)

The minimum mean squared error estimate can be found be combining the estimates from all of the cells with a
particular region. If the state vector x; is common to all models the minimum mean squared error (MMSE) estimate
can be used. The MMSE estimate for sensor p in region R, can be expressed by

i;m = Y P(0i|Zs) %9y, , - (34)
celligre
The most likely region is selected using the MAP criterion. Define as the hypothesis that the target is located in
region R, as I,, r = 0,1, ---, 5. The a posteriori probability associated with region R, is the sum of the a posterior:
probabilities of all of the cells in that region. This region-level probability is given by

P(L,|Z,) = Z P(6;|Zs) (33)
cellier,
The most likely region is chosen according to
Choose [, : r= "m‘o'...,g..‘e. P(Irlzl) (36)
® ® ® ® ® ® ®




2.7.1 Definition of Priors

The a priosi probabilities of each bypothesis are based on the area coverage of the sensors. The total number of
tesolution cells shown in Figure 2 is 56. Of these, 25 are locsted in region Ro. Al cells are assumed to have equal
probability of containing the target. The a priori probabilities are given by P(8,) = 25/56, P(¢:) = 1/56, i =
1,2, --- 31. The probabilities associated with regions R, r = 0,1, ---, § are given by P(lo) = 25/56, P(],) =
9/56, P(l3) = 8/58, P(l3) = 6/58, P(l,) = 4/568, P(ls) = 6/56.

2.8 Simulation Experiments

An experimental study was conducted to evaluate the performance of the multi-sensor fusion technique. In this
evaluation the measurement noise consisted of 50% Lognormal Noise and 50% Gaussian noise. The nominal angles
{rom sensors s; and #3 to the target were ¢, = 45 deg and 61, = 135 deg, respectively. The nominal range from
8y to the target was Dy = 10 miles. The nominal range from sensor »; to the target D was chosen such that the
received signal at s3 was 5 dB higher than at s, for the same transmitted signal level and target strength.

The carrier frequencies used by the two sensors were the same at f, = 10 x 10°. Both sensors sample the signal
at a rate f, = 100 x 10%, and both signals have the same pulse width te, = 12/f,, p = 1,2. The resolution cell
width is 1/f, seconds. The associated initial error variance on time delays n,, and ryy, is t3/12. The corresponding
range resolution cell width is Ar, = ¢/(2f,). Thus, the initial variance for the angle-measurement delays is (19)
Var[ri3,] = ((dp€)/(2/,D,))2/12, p = 1,2. d,, the separation between phase centers at the sensor was chosen to be 3
feet for each sensor. Simulations were performed for SNR'’s (at sensor s,) ranging from -10dB to 10dB. 500 random
target positions were chosen at each SNR. Of these 500 trials, 228 target positions randomly chosen in region Ry, 91
in Ry, 54 in Ry, 44 in Rs, 40 in Ry, and 40 in Ry. The results given here are for monopulse processing(i.c. one pulse
repetition interval (PRI)).

The probabilities of missed detection P(lo|/,) and correct classification (i.e. not only detection of the target but
correct localization at the region level) P(L,|I,) , r = 1,---,5 are displayed in Table 1. The probability of mis-
classification, which is not shown in this table, is given by P(I,|1,) = 1 = P(I.|I,) = P(loll,), ¢ # r. Sensor s;
outperforms sensor #,, which is to be expected since the SNR at s; is 5 dB higher than the SNR at sensor s;. In
the overlap region, Rj, the classification performance is better than in any other region, with an 85% probability of
correct classification at —10 dB SNR. Additional numerical results have been generated®® with complete probability
of detection (PD) and probability of false alarm (PFA). What appears as & discrepancy in P(I,|l,) at -5 dB SNR
for r = 2,3,4 is due to statistical error due to small sample size.

Table 1. Probabilities of Missed Detection and Correct Classification - Region Level

SNR(dB) Probabilit,
r=1 r=2 r=3 r=4 r=5
-10 P(Lil,) 0.35 0.074 0.50 0.15 0.18
P(I.|I,) 0.57 0.85 0.45 0.78 0.79

-5 P(hil,) | 013 | 0019 | 023 | 0.025 | 0.023
P(L|L) | 0.87 0.96 0.77 0.98 0.98

0 P(hil,) | 0.022 0.0 0.023 0.0 0.0
P(L|l,) | 098 1.0 0.98 1.0 1.0

] P(L|I,) 0.0 0.0 0.0 0.0 0.0

P(I.|I,) 1.0 1.0 1.0 1.0 1.0
10 P(hll,) 0.0 0.0 0.0 0.0 0.0
P(L 1) 1.0 1.0 1.0 1.0 1.0
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The estimation results are shown in Figure 4. All results shown in this figure are in reference to the (X', Y’)
coordinate system. Figure 4(a) shows the average mean squared error for those detections in regions R, and R, in
which only s, bas coverage. Figure 4(c) shows similar results for regions R, and Ry, which are covered by sensor s;.
Figure 4(c) also illustrates the 5 dB performance for sensor #; over that for s,. Figure 4(b) shows the resuits for both
sensors in region Ry. In this region, as shown in Table 3 the proper cell is almost always found. Thus the cross-range
estimation error variance should improve by about 8 dB (20log(2)) for sensor s3, sirce the cross-range error for s;
has been localized “rom 2 cells down to 1. Similarly, the cross-range error variance for sensor s, in Region R; is
reduced by about 10 dB (20log(3)) since the target has been localised from 3 cells down to 1. This improvement is
svident in Figure 4(b). Figure 4(d) shows the estimation results using the combined measurents obtained from (25,
26). Because of the larger variance in the cross-range error for each sensor and the fact that the intersection of the
LOS’s between the two sensors are perpendicular, the combined estimate consists of the X' estimate from sensor s;
and the Y’ estimate from sensor s,.

3. CONCLUSION

A model-based adaptive detection/estimation approach has been presented for multi-sensor fusion. It is shown that
excellent performance can be obtained for both target detection and target parameter estimation using this technique.
A significant advantage of this technique is that each sensor can perform detection and parameter estimation in a
decentralized mode. The final estimates and s posteriori probabilities from each sensor are processed by a centralized
processor to derive the optimum estimate. The method provides an automatic referencing mechanism of the data
from the different sensors (automatic data alignment) as long as the geometry and timing of the sweeping beams are
known. For optimal target resolution performance, it is found that the lines of sight of the two sensors should be
perpendicular to each other at any given time, requiring special synchronization.
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ABSTRACT

Two different types of adaptive networks are considered for solving the centralized and distributed hv-
pothesis testing probiem. The performance of the two different types of networks is compared under different
performance indices and training rules. It is shown that training rules based on the Neyman-Pearson criterion
outperform error based training rules. Simulations are provided for daia that are linearly and nonlineariy

separable.

I. INTRODUCTION

The optimum Bayesian and Neyman-Pearson solution to the distributed decision fusion problem bears
striking similarities to the structure of a neural network (NN), {28.29]. Moreover. NNs can. in principle learn
arbitrary input-output mappings, provided that they are sufficiently smooth. These two facts motivate the
use of NNs for solving the centralized and distributed hypothesis testing problem. In seiecting the proper
NN lavout, one could argue that a perceptiron-type NN can Jearn any input-output mapping, thus it can be
trained to soive the hypothesis testing problem. However. the ability of a perceptron-type NN to iearn an
arbitrary [/O mapping critically depends on the number of lavers, the number of neurons per layer. and their
interconnections which cannot, in general. be determined a priori.

In order to conduct a comprehensive study of the ability of adaptive networks to solve the centralized
and distributed hypothesis testing (CHT and DHT) problem. two different types of adaptive networks are
considered: structured adaptive networks (SANs) and perceptron-type neuron networks (PTNNs). By SAN
we mean a network whose inputs are functionally reiated to the data through known functional transforma-
tions. and the outputs are parametricallvy dependent on the input. By PTNN we mean a multi-lavered NN
that consists of neurons in the classical sense. interconnected through svnaptic weaights.

The selected networks are trained using error based and Nevman-Pearson based indices of performance
(IPs). The training ruies are derived as gradient rules on the selected IPs. Simulations are conducted with
linearly and nonlineariy separable Gaussian data.

II. Cantralised Bayesian Hypothesis Testing (CBHT)

Assuming N statistically independent data sources, the optimal Bavesian or Neyman-Pearson (N-P)
CBHT is the Likelihood Ratio Test (LRT)

dP(rl.HO) Heo

where r; deugnnes the data from the i-th sensor, H; is the i-th hypothesis, i = 0,1. The threshold T,. for
the Bayesian processor in determined by

A(r) = A(r1yesth) = 1'[ (I1.1)

T, = —————Pﬂ(cw = Cw) 111.2)
Py(Co1 - Cn1)
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where Py, P, = 1 - Pn are the priors on the two hypotheses and C,, is the cost of deciding in favor of hypothes;s
H, when the true hypothesis is H,,i,j = 0,1. For the N-P solution, the threshold T, is determined by th,
false alarm requirement at the fusion according to

/T ~ dP(A(r)IHo) < a0 13

where ap is the desired aggregate probability of false alarm (PFA) at the fusion. Notice that the Bavesian
processor requires the knowiedge of the priors (F, P,) which may not be objectiveiv available. The N.p
processor circumvents this requirement by constraining the PFA and maximising the probability of detection
[PD). Also notice that both processors are parametric.

II1. Distributed Binary Hypothesis Testing (DBHT)

Assuming that each sensor makes binary or multi-ievel independent decisions u,.t = 1..... N, the optimal
Bayesian or N-P DBHT solution under statistical independence consists of multilevel likelihood ratio quant:
tizers (LRQs) 112,18] at each sensor and an LRT at the fusion. For binary LRQ at each sensor i4 to 19 and
22 10 31} with

_ J +1, if the i-th local decision favors hypothesis H,: 1L
Y =1 -1, if the i-th locai decision favors hypothesis H, (J1L.1)
for the i-th sensor, the optimal Bayesian or N-P DBHT takes on the form
N H)
Swin +1) 2ty (111.2)
=] Ho
where 1, Pp(l-Pr) 1, Pp(l-Pp)
D, (1 = PF, D,(1 - Fp
¢ = slogo——x—t t, = =log =Sl i
UG o) M T RGP (e3)

The threshold ¢, for the Bavesian DBHT is determined by an expression similar to (I1.2) that depends on the
priors (P;, P;). For the N-P DBHT the threshold t; is determined by the PFA requiremen:. equation (I1.3;.
It is interesting to notice that (II1.2) can be written as

N H,
S wiu -t 20 (111.4)
=1 Ho
where .
to=-t; = t (111.5)

The form of (II1.4) is reminiscent of a NN, figures 1 and 2, |28.29.

IV. Centralised Hypothesis Testing and Distributed Decision
Fusion with Structured Adaptive Networks (SANs)

A. Centralized Binary Hypothesis Testing with SANs
As discussed in Section I, the optimal decision test for a binary hypothesis problem is a likelihood ratio

test (LRT) of the form
_plriE) Y

A(T) = p—(;l-io-)- ’70 (IV.l)
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where p(.|H,) is the conditional probability .ensity function (pdf) of the data conditioned on H, (i=0.1) and
n(2 0) is a threshold. For Gaussiaa probiems, iniA(r)i has a simpler form and can be used in iieu of (IV.1)
in the equvalent log-LRT

[p(riﬂl) "i‘ ,
__] > 5 := In(n) (IV.2)

{n[A(r),' = lan(ﬂHo) i

For example, if the problem is of the form

: .= {N(m.,ef) g,

Nimo.ol) +Ho (IV.3)

where N(m,o?) indicates a Gaussian pdf with mean m and variance o2, then the log-LRT test from (IV.2)
gives

H\ 2 2
1 1 ' m, Mo > m; my -0 R
—3 —— - - —— e cm— 2 -~ - - — ‘.
1) [«g ‘fa,]' 2[,; B R 2‘"[,,] (I¥4)

where (r) is the sufficient statistic for the problem (IV.3). The previous exampie serves as motivation for the
structure of the network that is discussed in the following section.

1. Network Structure
The structure of the network is shown in Fig. 3. The functions ¢, are chosen to reflect any a priori
knowledge about the problem. In the Gaussian problem for example, in view of (IV.4), it is natural to take

oi(z)=2', i=0,1,..,k (IV.5)

with k = 2. In the general case k > 2. Note that in a general problem, the ¢,’s can assume different functional
forms. From figure 3, the output, y,, of the network due to the data r, is given by

r k
=93 c.o.(r,)} (IV-6)
1m0
where g(.) is a sigmoid function defined as
1 -2 .
9(z) = T (I

where A > 0 adjusts the steepness of its slope. The network of figure 3 is capable of decision making. if one
maps y > 0 to. say, H;.

Given the above network structure, the hypothesis testing problem takes on the foliowing form: given a
set of 9,'s, 1 = 0,1,..., k. and a set of observations r along with the hypotheses under which they are generated.
choose the coefficients ¢,,i = 0,1,....k, so that the resulting decision scheme is close to the optimal one in
some suitably defined sense. It is therefore necessary to establish a criterion of optimality and an aigorithm
that updates the weights ¢,,i = 0,1....,k, in order to meet this criterion. The second task is the so calied
training of the network. In the sequel we discuss two different performance criteria and derive the update
equations for the parameters of the network (synaptic weights) for each one of them.

The first criterion which appears more intuitive especially in view of the backpropagation method 20. is
to minimize the sum of the squares of errors over all the training data. In this case, the index of performance
(IP) can be defined by

J(t) = z ie,(t)]2 (1V8)

=1

SPIE Vol. 1611 Sensor Fusion IV (1991737

@

@




where .\ is the number of available training data (typically around 50-100 per bypothesis) and e, is the error
defined by
ei(t):i=yy(t) -y, 1=1..N (Iv.9)

where y{ is equal +1 if 7, is generated under H) or -1 if it is generated under H,. Note that the time index
is 1ntroduced to denote updates of the weights ¢,. Since (IV.8) does not impose any penalty on the relative
magnitudes of the weights, & nacural extension of (IV.8) is

\

7= T esto)] - 3 onck (Iv.10)

s l n=0

where p, > 0 are suitably chosen weighing coefficients. Under (IV.8) or (IV.10), the network will approximate
a minimum probability of error classifier, i.e. will minimize the probability of error given by

Pg = Pr(H,|Ho)Po ~ Pr(HolH, )P, (rv.i)

where F,. P, are the prior probabilities of the respective hypotheses. In this case, the training will trv to
"fit” the model (IV.6) to the training data so that the sum of the square errors is minimized. Although this
approach seems natural, it is not suitable for hypothesis testing problems for two reasons. First, the network
that minimizes (IV.8) or (IV.10) for a given training set is not asymptotically optimal as the volume of the
available training dats goes to infinity simply because even if Pr can be made 10 be very close 1o zero for a
given training set, (for exampie by taking & = N) the network may not result to Pr close to the probabilitv
of error of the LRT over the entire data ensemble. (Note that since similar data may be generated by either
hypothesis. Pr = 0 is not always possible.) On the other hand, if k is kept moderate. fitting is very difficult
especially when the data under both hypotheses are closely clustered as in the Gaussian case when the pdf’s
under the two hypotheses have the same mean and comparable variances. An additional problem with the
training rule (IV.8) or (IV.10) is the lack of a general stopping criterion for the training. From the discussion
above. (IV.8) and (IV.10) are not satisfactory criteria for our problem, although, they result in acceptabie
performance in linearly separable data cases as is shown in the simulations section.

The second criterion used for training is based on the Neyman-Pearson (N-P) approach which maximizes
the probability of detection at a given (fixed) false alarm probability level. The key difference between the
N-P and the the least squares error approach is that in the N-P training the hypotheses are separated and
enter separately in the performance index. For this method, the performance index is given by

J(t) = Prult) = S[Pr(t) - PR (020) (1v.12)
whnere Pr. is the preset level of false alarm probability and Pprsy Pr are defined by

1 Tomill+95 (1 - ¥5(t)]

Pu(t):= N

(IV.13)

Hﬂl y:
1Z0m 01~ 381 + y;(8))

N E,—l y}

and are approximate expressions for the miss probability Py, and the false alarm probability Pr of the net-
work respectively. For a large sample size and large A, the expression on the RHS of (IV.13) and (IV.14)
approximate the Py(t) and Pr(t) of the network. In view of (IV.12), the training in this case should compute
the weights ¢,,i = 0, ..., k, that minimize J for the given training set.

P () = 3 (IV.14)
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In the following, for each of the above optimality criteria, we derive the update equations for the (synap-
tic) weights.

2. Gradient Update Laws
The derivative of g(z) is given by
2he=2*
9/(z) = Teenn (IV.15)
The time derivative of J(t) from (IV.5) is

2Z{¢,(¢)“’} = 22{;,(:) [Z:: g;i%] } (IV.16)

=) =]

from which it is clear that if
== Y e,(t)-a—c-: (a>0) (IV.17)

we have that

which implies that J is decreasing for as long as the network does not reach an equilibrium point. A simple
first order update expression for the weights follows directly from (IV.17) and from the fact

OCJ =g (Z c|¢t("))) ¢n('1) (IV.18)
=0
and has the following form
N k
ealt +1) = ea(t) - (a88) T e,(z){g: (Z c.¢.(r,-)) }¢,.(r,-) (IV.19)
=l =0

where n = 0,1,.... k.
For (IV.10), in a similar manner, the recursion update laws are given by

1=0

N k
ealt + 1) = (1 + pndt)en(t) - (aAt) LZ gl (Z c.-¢(r,»)) ¢,.(r,)] (IV.20)

which results in significant improvezicnt on performance and rate of convergence as found from simulations.
For the IP given by (IV.12), the derivation of the update equations is as follows:

dJ dP dPr
i —M + o(Pr - Pr,)—- % (rv.a)
Using the chain ru's, we obtain
5 k o = Y
M 8Py de, dPF 8Pr de,, ,
- 1o d @ Tl d (1v2z)
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The partial derivatives in (IV.22) are given by the expressions

Oihl_ lu)sl(l d%
8‘" 2 N - Z:)\sl yJ
oPr _ 11X T (1 -y
Gc.. 2 N - EJ\') y]
where as before
8
)
Hence the gradient update rule is given by
de, 0}’\: OPF}
@ - '°[ e, ~ PPr - Pr) g
which results in the following iterative update expression for ¢,
P 8P
cn(t = 1) = calt) - (aAt)[-—ch—' - p(Pr - FPg) Be F} (I1.27)

which in view of (IV'.23), (IV.24) is a so-called batch training method since all training data are required for
each update.

In the remainder of this section. we compare the performance of the above training methods for two
hypothesis testing problems.

3. Simulation Results: The Centralized Case

The different hypothesis testing paradigms were selected in order to compare the performance of SANs in
linearlv and nonlineariy separable data ensembles under the MSE and N-P training rules. The performance
was benchmarked with respect to the size of the training data ensemble, the number of power terms (9,’s) in
the functionai representation of the data, and the training rule.

The two selected problems for centralized and distributed hypothesis testing were:
(i) a Linear Gaussian Problem (LGP)

_f1+N(0,1) :H
- { N(0,1) :Ho (LGP
(ii) a Quadratic Gaussian Problem (QGP)
_ J N(0,5) :H \
- { N(0,1) :H:, (@GP

where N(m.c?) is the Gaussian distribution with mean m and variance o?. For each probiem. the optimai
LRT test follows directly from (IV.4).

In all cases, both the mean-squared-error (MSE) rule, eq. (IV.8), and the Neyman-Pearson (N-P) ruie.
¢q.(TV.12), were used to train the SANs. The simulations were conducted as follows. The number of coef-
ficients were fixed to either three (k=2) or six (k=5). Experiments with samples of one hundred (fifty per
hypothesis) and two hundred (one hundred per hypothesis) data points were performed. The initial vaiue
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of the ¢, coefficients was zero in all simulations. For the MSE training, selective training was used 10 avoid
convergence problems that arise during training from data that belong to different hypotheses but are "mer-
rically” close. According o the selective rule, at each training, corrections were made only over those data
points that were identified as belonging to the correct hypothesis at the beginning of the session.

sAn arbitrary stopping rule was also used to terminate the MSE training when the gradient was jess than
10°°.

N-P training was performed at different PFA’s. The post-training Receiver Operating Characteristics
(ROCs) were obtained by keeping all the ¢, coefficients fixed at their training values and varving the threshold

The ROCs were experimentally obtained by running ten thousand data points (five thousand per hypoth-
esis) through the SAN but excluding the data points used for training. For each problem. we seiected the
coefficients that corresponded to the value of the PFA which generates the experimental ROC with the larger
ares when tested on the training data. For the LGP. the N-P training method outperforms the error traimng
method. This is also the case for the QGP. The simulation results for both problems are summarized in Table
1 for the error training and Table 2 for the Neyman-Pearson method respectively.

Some conclusions drawn from the simulations follow.

1) The N-P training method outperforms the error based training method. This is clear from the QGP
where the data under the two hypotheses are not well separated spatially as in LGP, in which the data are
clustered around the two well separated means.

2) If the model is overparameterized. the performance of the NP-trained SAN is sensitive to the value of
Pr,. For exampie in the (QGP), the performance is good for Pr, = 0.7 and poor for Pr. = 0.2. As a result
one should try several values of Pr, and choose that one for which the ROC (obtained from testing on the
training data after training) gives the ROC with the largest area. Furthermore. one could also start with a
low value for k (say k£ = 2) and keep increasing its value, choosing finally the ROC with the largest area.

3) In general, N-P training resuits in a SAN that performs close to the optimum test. Since no a priori
knowledge for the pdfs is necessarv, this is a powerful approach especially in the case in which the volume of
the available data is not sufficiently large for a reliable estimate of the pdfs under each hypothesis.

B. Distributed Decision Fusion with N-P Rule Trained SANs

1. Network Structure

The fusion system in Fig. 12. which consists of three identical sensors interconnected in parrallel was used
to test the performance of N-P trained SANs in data and decision fusion problems. In the centralized data
fusion test, each sensor in the configuration of Fig. 12 simplv relays its observations to the fusion directly.
The fusion is replaced by a SAN similar to the one shown in Fig. 3. Thus. the centralized data fusion SAN is
identical to the one discussed in the previous section. except that three data are available at a time, instead
of a singie measurement as in the case of single sensor SAN.

In the distributed decision fusion (DDF), each sensor in the configuration of Fig. 12 is replaced by a
SAN similar to the one Fig. 3. Due to the similarity of the sensors. it is assurned that a symmetric solution,
i.e. identical synaptic weights and thresholds among all three sensors results in a solution that is ciose to the
optimal one, if not "the optimal”. Under the assumption (or constraint) of identical operating points. the
structure of the optimal DDF, eq. (V1.2), simplifies to

N H
Z v, 2 InT; (11728,
=] Ho

with the convention.

o { 1 if the i-th Jocal decision favors hypothesis H, (137.29)

0 if the i-th local decision favors hypothesis Hy
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Notice that the numerical values associated with each sensor decision are mereiy an expressionai conve-
nience and do not play any role in the outcome of the fusion process (see Section V as well).

Given the structure of the optimal DDF equation (IV.28) in the symmetric case, the oniv variabies that
determune the performance of the fusion for a target false aiarm probability are the threshoids at the sensors
{common among all sensors) and the fusion threshold. Thus. in the SAN implementation of the symmetric
DDF oniy two parameters are adaptively adjusted: the common threshold for all sensors and the fusion thresh-
old. This structure was used for training the SAN to perform the DDF for the fusion system of figure 12 using
the N-P training ruie. However, N-P training of the network by varving the two thresholds simuitaneousiv
resuited in very poor performance of the fusion. Thus, instead of training all the sensors simultaneously by
minimizing the N-P performance index at the fusion, the ROC of each sensor was obtained separately using
N-P tramning first. Then, the fusion rule was fixed a priori. and the network ROC was obtained by varying
only the common threshold at the sensors after they were trained.

2. Simulation Resuits

In order 10 compare the performance of the centralized hypothesis testing with the DDF using the SAN.
the same two binary hypothesis testing problems that were used for testing the performance of SANs in CBHT
were also used for DBHT. The simulations for all problems were performed as follows: In all cases. the size of
the training set is not larger than 200 data points. Post-training testing is performed on at least 2000 data
points other. of course, than the training data points. The initial value of all ¢,’s is zero. Due to the training
rules that impiement a true gradient decent, convergence is monotonic in all cases.The values of the weights
after training for each case are given in Table 2.

The DDF was done by pretraining each sensor with the test set individually using N-P training. To
implement the ROC of each sensor, a SAN with two terms in the power expansion (K = 2) was used . For the
LGP case 1. Table 2. the training set consists of 50 data points per hypothesis. The network was trained using
1000 iterations and the N-P training rule. For the QGP. 100 data points per hypothesis were used for training,
case 3. Table 2. Since all the sensors are assurnmed to be identical and operating at the same operating false
alarm and detection probability point, the synaptic weights (coefficients ¢,) for the DDF for all three of them
are identical. and identical to the weights used for hypothesis testing by each one individually, Table 2.

In all DDF cases, the sensors were assumed to be identical, all operating at the same PFA and Pp. The
"OR", "AND"™, and the "ML" (majority logic) rules were used for decision fusion. The ROC of the different
fusion rules for the DDF are compared among themseives and with the centralized fusion ROCs in Figs. 13,
14. The following conclusions can be drawn from these figures.

In the LPG, the majority rule seems to give . .2 best ROC for DDF, which is close to the SAN perfor-
mance on the centralized hypothesis testing. For the QGP, however, the OR. rule seems to vield the best
ROC. which again. is close to the centralized ROC. A general conclusion from the numerical resuits seems to
be that for linear separable data, the majority fusion rule yields the best ROC. However, for quadratically
separable data, the OR fusion rule yields the best ROC.

V. Distributed Decision Fusion with Perceptron-Type Neural Networks

Although the form of the optimal Bayesian/N-P DDF is known, for both binary and muiti-level quantiza-
tions {9,12,14], the optimal thresholds are given, in general, in terms of coupled, nonlinear equations i8', ;10.
whose solution is not forthcoming even in simple cases. Suboptimal numerical solutions to the N-P DDF :10.
may still be compusationally intensive, if the fusion rule is unknown. The optimal solution to the Bayvesian
and Neyman-Pearson DDF problem, eq. (ITL4) bears striking topological and functional similarities with the
structure of a neural network (NN). This topological similarity suggests an alternative approach to solving
the computationally N-P hard [5) DDF problem. By slightly modifying the values that designate the decision
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i to
ot the i-th sensor = {+1 if the i-th local decision favors hypothesis H,

0  if the i-th local decision favors hypothesis H, (v.1)
for notational convenience, the optimal Bayesiac and N-P DDF rule (IT1.4), takes on the form

H,
Z(W'ﬁ +4) 2T, (V.2)

' Ho
i w; = lo [f"_ .y [L'_’l] .3
i = gPF. 091_PF‘ (V.3)
ud ., = l l—i"-] ‘74\
- O’ 1~ PF. ( %)

By combining the constant thresholds together with the unknown operational threshold T, and defining

wo = =Ty + Z t (V-5)

the DDF rule (V'.2) can be written in a form reminiscent of an NN architecture:

H,

wo + Zw;u. S 0 (V.6)
[} 0

A noticeable advantage of (V.6) over (1'.2) is that the unknown threshold T, has been absorbed in the synaptic
weight wo, which can be determined through training by assuming that it corresponds to the interconnection
weight of an additional, constant input to the fusion neuron. Notice that the threshold in {V.6) is known,
constant, and equal to zero. Thus, (V.6) can be implemented by using an NN and replacing the bard thresnold
decision rule by a smoother sigmoidal nonlinearity {2021, Nils '90, TPS *90].

In figure 1 the optimal Bayesian (N-P) DDF structure is shown when the local LR is linear on the data.
If the (local) sensors and fusion in figure 1 are identified with neurons and the thresholds are repiaced bv con-
tinuous sigmoid functions. there is a one-to-one topological correspondence between the D-S DDF architecture
and the simple, two layer NN of figure 2. The topological similarities suggest that one can take advantage of
the learning capabilities of an NN and train it to solve the Bayesian DDF even when the channel siatistics
are not known. The solution to Bavesian DDF can be achieved by using any one of the avaiiable training
rules. For example, if a quadratic error is defined at the fusion by squaring the difference between the actual
hypothesis and the output of the fusion, a gradient based algorithm, such as backpropagation {20.. can be
used to update the synaptic weights, i.e. the coefficients of the LRTs in the Bavesian DDF.

Training of the NN with a quadratic error criterion will result in a minimum error computer. if trained
Properiy. A quadratic error training attempts to fit the data in two different hypotheses by minimizing a
distance criterion. However, if the data in the training set are numerically ciose under the two hypotheses,
overtraining of the NN in order to achieve perfect discrimination of the data in the training set will resuit in
Poor post-training performance. To avoid performance degradation from overtraining, selective training has
been used with excellent results. The drawbacks associated with overtraining in the quadratic error criterion
can be avoided by using an N-P based optimality criterion. such as the minimisation of the miss probability
at the fusion for fixed false alarm probability. Such a training criterion results in an NN that impiements the
optimal N-P DDF. If the optimal Bayesian DDF is highly nonlinear, an NN with inputs polynomial functions
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of the data (polvnomial netwark) can be used to solve the optimal Bayesian DDF. This approach corresponds
to approximating the LRT by a truncated Taylor’s series expansion or a Voltera series similar to the approach
used in SANs, figure 3, for determining the coefficients for each power in the T.S.E.

A. Training Rules

1. Backpropagation based on mean-squared error
Let the training output of the network be ug at the n-th iteration, while the training hypothesis is u".
The backpropagation method trains the NN by minimizing the

error energy = 3 _(up - ul')’. (v.7)

where the summation is over all training data during a training cycle. To implement a true gradient descent
using the nomenciuture of the generalized delta rule {20}, define for each neuron k the function

b = 0x(1 - o1) Z kak, (V.8)
all ; that « leads to

where o, is the output of neuron j and w,, is the current weight between node k and node j. The output
node is a special case where
£ = 2(a0 - uD)ug(l - uf) (V'9)

The update of the weights during training is done using the difference equation

dw;, = né;o0, -~ adw:']", (V.10)
where 7 and a are predefined constants that determine the rate of convergence. The second term in the weight
update equation is known as the momentum term.

The NN that was used for DDF consisted of three identical sensors and & fusion. Each sensor was
represented by an identical NN, each having one input neuron, one hidden laver with three neurons, and a
singie-neuron output layver. The fusion NN consisted of three input-layver neurons, three hidden-iayver neurons
and a single-neuron output layer. The NN was first trained on the LPG and QGP of the previous section.

Backpropagation was used to train the three laver neural network to perform DDF. The test for conver-
gence was based on the criterion

i{[ > (4'”3)’]/[ > (w:‘,)’]}<10" (1.11)

n=l " ,; all weights 1all weights

Training was terminated when the criterion (V.11) was satisfied.

2. Training based on Neyman-Pearson

N-P training is conceptually identical to the backpropagation algorithm, except that training is done
around a desired false alarm rate at the fusion. In order to achieve training around a desired false alarm rate
a at the fusion, two possibie performance criteria can be used to measure the output error:

E = Py + MPfp - 0)2 (V.12)
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or 2 H
E =P}, - A(Pr - a) (1.13)
where Py, Pr are the miss and false alarm probabilities at the fusion.

The modifications required to the standard backpropagation to implement the N-P fusion rule relate only
to the energy function derivative with respect to the output. To get this, first we express the probabilities in

1erms of the output as g
o 1 - yh un
Prn = -"43\_1_—(('—1"0—)—'— (V.14)

n
et nm] Il'

«N -yt lyh
Pr = sznmi(l=u)us (V13)

Tom(l=ul)

which give two possible derivative forms

dE u™ (1-u™) )

= = = ~ 2A(FPF - @) o ———— (1.16)
S R S )

dE u™ (1-u™) ;
— = 2P, -—T——' - 2MPFr - a) ——"——— (117
dugl " Ensl u'n ( i )2::1(1 = u?) . )

for (V.12) and (V.13) respectively. If we set
N
dE .

=\ 4 -y v,

8o 2 Gz ur(l-ug) (V.18)

where "0” designates the output neuron. then the backpropagation rule proceeds as described above. The
update rule (V.10) with §, defined by (V.18) implements a true gradient descent training by batch-processing
the training set, whereas the backpropagation with é, defined by (V.9) impiements a "pseudo”-gradient de-
scent. A pseudo-gradient back propagation with the N-P energy functions (V.12) or (V.13) did not manage
to produce a suitably trained NN. However, the true gradient N-P training rule (V'.18) was successfuliv used
in training the NN to soive the DDF probiems.

3. Training based on Kalman Filter

The problem of training a NN can be viewed as a Kalman Filtering problem (23]. If the ideal (unknown)
weights and thresholds of the NN are identified with the state z(n) of a Kalman Filter, then these weignts
should be time-invariant, thus satisfying the plant equation.

z(n+1) = 2(n) (17.19)
The unknown state 2(n) in the NN is observed via the nonlinear output equation
d(n) = h(z(n)) + v(n) (1°.20)
where the error made from not knowing the weights and thresholds precisely is modeled as zero mean. random
error v(n) with covariance matrix E{v(n)v(r)?] = R(n), a positive definite matrix. The nonlinear function h(.)
takes into account all the threshold nonlinearities at each neuron at every layer. From the nonlinear Kaiman
Filter theory, the state z(n) can be estimated using the Extended Kalman Filter (EKF) with equaticns

2(n + 1) = 2(n) + K(n)id(n) - h(z(n))] (1.21)
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K(n) = P(n)H(n)[R(n) + BT (n)P(n)H(n))™ (V.22)
P(n+1) = P(n) - K(n)HT(n)P(n) (V.23)

where H(n),, is the derivative of the output i with respect to weight j, computed as in the backpropagation.
Also d(n) is the desired vector output neurons. For more datails on the use of the EKF for training the NN
to perform the DDF see [22]

B. Simulation Results

The input data for each NN sensor were generated from the LGP and QGP distributions that were used
to benchmark the SANs. The results are shown in figures 15 through 18. For the LGP one hundred training
points were sufficient to obtain a ROC close to the optimal DDF. However, for the QGP, one thousand sam-
ple points were required to obtain acceptable ROC. If the solutions of the error based backpropagation are
compared with the N-P based backpropagation, it is seen that the later results in superior performance. Yet
if the resuits from the perceptron-type NN are compared with the N-P trained SAN, figures 13 and 14, the
later results in superior performance with considerably fewer data samples, in particular for the QGP. (200
points for SAN vs 1000 points for PTNN). However, it should be stressed that no separate pretraining of eacn
sensor NN was required with BPTNN, as was required for SANSs in order to perform DDF.

Overall, SANs have the advantage that their performance can be understood and interpreted analvtically
since they are by construction parametric approximation to the LR optimal fusion rules. For the PTNNs.
such an interpretation is not forthcoming, limiting the extrapolation of conclusions based on limited training
data sets to general ciasses of problems.

VI. SUMMARY

Natural structural similarities between the Bayesian DDF solution and adaptive networks are exploit-
ed. It is shown that structured adaptive networks (SANs) and perceptron-type neuron networks (PTNNs)
can learn to solve centralised and distributed hypothesis testing problems efficiently, even in the alsence of
explicit statistical information about the data, provided that the proper training ruie and procedure are fol-
lowed. Two training rules are investigated: a mean squared error (MSE) based rule, and a rule based on the
Neyman-Pearson (N-P) test. Under both training rules. the post-training performance of the network is very
comparable to the optimal likelihood ratio test (LRT). However the N-P rule trained networks outperforms the
MSE rule trained network, even when selective training is used with the later. The behavior of the networks
under the two training rules is studied extensively in hypothesis testing problems with lineariy and nonlineariy
separable data. Similarivies and differences in the behavior and performance of the networks are discussed.
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